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Fischer-Tropsch Synthesis (FT) is a process which converts syngas, a mixture of carbon 
monoxide (CO) and hydrogen (H2), to long chain alkanes, mono-alkenes and small 
amount of oxygenates. Although a number of transition metals (Ru, Co, Fe) are known 
to catalyse the reaction, supported cobalt (Co) catalysts are often preferred due to their 
high activity, selectivity towards long chain hydrocarbons, and low CO2 selectivity. 
Cobalt catalysts undergo a massive reconstruction under reaction conditions, resulting 
in the formation of “defect” sites and nano-islands. It is still unclear what drives the 
formation of these islands, since it is unfavourable for clean surfaces. Thus, the nature 
of this reconstruction and the structure of the catalyst during reaction conditions 
remains poorly understood. Also, these “defect” sites have been suggested to be 
catalytically active for the Fischer Tropsch reaction. Although a number of theoretical 
works have been devoted to developing reaction pathways on these “defect” sites, their 
availability on realistic catalyst particles and the thermodynamics of their formation 
under FT conditions remains debated. Experimental and theoretical studies have also 
indicated that the catalyst surface is likely to be saturated with CO, but reaction path 
studies have been largely limited to clean surfaces. In this thesis, a molecular level 
understanding of the experimentally observed catalyst reconstruction of the cobalt 
surface under Fischer-Tropsch conditions is developed, using first principle Density 
Functional Theory (DFT) calculations. The surface defects were modelled and their 
stability evaluated under reaction conditions. Next, the CO dissociation pathway in the 




Under Fischer–Tropsch conditions, CO adsorbs strongly and forms stable adsorption 
configurations on the cobalt terraces which stabilizes the unreconstructed surface. Our 
thermodynamic analysis revealed that the combined and synergistic effect of C and CO 
adsorption at the B5 step edges is required to explain the stability and formation of B5 
step sites and triangular nano-islands from CO covered terraces, under Fischer Tropsch 
conditions. The 45 atom island (~ 2 nm in diameter) terminated by the B5 step edge, is 
the most stable island under Fischer Tropsch conditions, which agrees nicely with 
experimental observations. The shape and size of the created islands is also a strong 
function of the reaction conditions, i.e. the C and CO stabilities. At reaction conditions 
when the square planar carbon is no longer stable, the B5 step edge become less stable 
than the F4 step edge, resulting in the formation of F4 edge terminated islands. 
 
CO dissociation is a key step in the FT mechanism and the effect of C and CO covered 
steps on the CO scission pathways is studied. A CO dissociation barrier of 160 kJ/mol 
was calculated at the B5 site next to the corner of the created islands. Although the 
calculated CO turnover frequency (TOF) of 10-4 s-1 is much lower than the 
experimentally observed value of 0.02 s-1, the CO dissociation mechanism was studied 
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Figure 3.1 Illustration of a terrace and stepped Cobalt surface and the 
different adsorption sites available. (a) Top view of a p(3x3) 
unit cell. B - Bridge site, F - hollow fcc site, H - hollow hcp 
site, T - Top site; (b) Top view of a p(2x8) unit cell with 4 
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 Figure 4.1 (a) Creation of a pair of F4 and B5 sites on Co(111) terraces; 
(b) Procedure to calculate the step creation energy. In a 
p(2x8) Co(111) unit cell, 4 rows are moved from the top 
layer (i) to the bottom layer (ii), creating 4 F4 step sites (red, 
c) and 4 B5 step sites (green, d) per unit cell. Note that 8 
rows of terrace sites (i) form 5 rows of terraces site in (ii) 
(indicated in orange), 1 row of B5 sites and 1 row of F4 sites. 
The energy difference between (i) and (ii) per unit cell, 340 
kJ/mol, leads to a step creation energy of 85 kJ/mol per pair 





Figure 4.2 Thermodynamic stability (kJ/mol) of CHx and OHx species 
on terrace and stepped Co surfaces relative to a syngas 
reservoir at 500 K, 20 bar, 60% conversion. (a) C at hcp 
hollow terrace site; (b) C at sub-surface octahedral site; (c) 
CH at hcp hollow terrace site; (d) CH2 at hcp hollow terrace 
site; (e) CH3 at hcp hollow terrace site; (f) O at hcp hollow 
terrace site; (g) OH at hcp hollow terrace site; (h) C at B5 
site, 50% step coverage; (i) C at F4 site, 50% step coverage. 
(j) C at B5 site, 100% step coverage. Addition of a second 
carbon is highly unfavourable; (k) CH at B5 step site, 50% 
coverage; (l) CH at F4 step site, 50% coverage; (m) CH2 at 
B5 step edge, 50% coverage; (n) CH2 at F4 step edge, 50% 
coverage; (o) p4g clock carbide at the step edge; (p) 
extended p4g clock carbide. Though the stability of the 
carbide depends on the width of the terrace, the stability per 
carbon rapidly converges to a value of -24 kJ/mol (value for 
4th carbon atom, indicated by red square). The cobalt atoms 
are indicated by larger spheres and the C, H and O by small 
spheres. Terrace atoms are blue, B5 atoms dark grey, F4 
atoms white, C grey, O red and H white. 
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Figure 4.3 Adsorption Gibbs free energy of CO at terraces and step 
sites (500 K, 4.4 bar CO). The Gibbs free energies account 
for the adsorption entropy loss and are therefore about 60 
kJ/mol lower than adsorption energies. (a) √3x√3-CO 
structure, the stable structure on Co terraces under Fischer-
Tropsch conditions; (b) (2√3x2√3)-7CO structure, high 
coverage structure; (c) B5 step, 50% coverage; (d) F4 step, 
50% coverage; (e) B5 step, 50% coverage, bridge sites; (f) 
B5 step with 50% carbon; (g) B5 step with 50% CH; (h) p4g 
carbide, low coverage; (i) p4g carbide, intermediate 
coverage; (j) p4g carbide, high coverage; (k) B5 edge, 100% 
CO coverage. Adsorption at top sites is less stable for this 
coverage; (l) B5 edge, 150% CO coverage. Adsorption free 
energy for the addition of CO molecules to structure 4.3k; 
(m) B5 step with 50% carbon, 100% CO coverage; (n) F4 
step, 100% CO coverage; (o) next to a B5 step, 50% CO 
coverage for second row; (p) next to a C/CO-covered B5 
step, 50% CO coverage for second row, adsorption free 
energy for the addition of CO molecules (circled) to 
structure 4.3m. The cobalt atoms are indicated by larger 
spheres and the C, H and O by small spheres. Terrace atoms 
are blue, B5 atoms dark grey, F4 atoms white, C grey, O red 
and H white.  
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Figure 4.4 Thermodynamic stability of the CHx species on the stepped 
cobalt surface in the presence and absence of carbon relative 




C at hcp site at step edge, 50% coverage; (b) CH at hcp site 
at step edge, 50% coverage; (c) CH2 at hcp site at step edge, 
50% coverage; (d) CH3 at hcp site at step edge, 50% 
coverage; (e) C at hcp site at step edge and C at B5, 50% 
coverage; (f) CH at hcp site at step edge and C at B5, 50% 
coverage; (g) CH2 at hcp site at step edge and C at B5, 50% 
coverage; (h) CH3 at hcp site at step edge and C at B5, 50% 
coverage. The cobalt atoms are indicated by larger spheres 
and the C, H by small spheres. Terrace atoms are blue, B5 
atoms dark grey, C grey and H white. 
 
Figure 4.5 Thermodynamic stability (kJ/mol) of OHx species on clean 
and CO covered stepped Co surfaces relative to a syngas 
reservoir at 500 K, 20 bar, 60% conversion. (a) O at B5 site, 
50% coverage; (b) O at F4 site, 50% coverage; (c) OH at B5 
site, 50% coverage; (d) OH at F4 site, 50% coverage, (e) O 
at B5 site, 50% coverage, 100% CO coverage; (f) O at F4 
site, 50% coverage, 100% CO coverage; (g) OH at B5 site, 
50% coverage, 100% CO coverage; (h) OH at F4 site, 50% 
coverage, 100% CO coverage. The cobalt atoms are 
indicated by larger spheres and the C, H and O by small 
spheres. Terrace atoms are blue, B5 atoms dark grey, F4 
atoms white, C grey, O red and H white. 
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Figure 4.6 Formation of step sites under FT conditions. CO-covered Co 
terraces (a) break up, creating additional step sites; (b) 
Although the creation of step sites (Figure 4.1) and the 
desorption of CO from the (terrace) sites costs energy, the 
adsorption of a high (100%) coverage of CO and square-
planar carbon at the newly created step sites more than 
compensates this energy penalty under FT conditions. The 
cobalt atoms are indicated by larger spheres and the C, H 
and O by small spheres. Terrace atoms are blue, B5 atoms 
green, F4 atoms red, C grey, O red and H white. 
  
55 
Figure 4.7 Natural bonding orbitals for CO on Co(111) terraces. a) Co-
C anti-bonding σ* NBO; (b) C-O 2π* NBO for CO at a top 
site. Blue represents cobalt atoms, grey carbon and red 
oxygen.   
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Figure 5.1 Creation of Co islands on Co terraces. (a) Procedure to 
compute the island creation energy. Co atoms dissociate 
from a step edge (I) to create a Co6 island (III). Note that the 
number of step, terrace and bulk Co atoms remain constant 
from (I) to (II). The island creation energy is therefore the 




island on a terrace. (b) Island creation energies for two types 
of Co15 islands and for a hexagonal Co19 island. The island 
creation energy depends on the shape and the size of the 
islands. (c) Types of edge sites on Co islands and creation 
energies for each type of site. The site creation energies can 
be used to calculate island creation energies for triangular 
islands of any size. Corner atoms are black, island terrace 
atoms light grey, B5 atoms dark grey and F4 atoms white. 
 
Figure 5.2 Thermodynamic stability (kJ/mol) of carbon and CH at the 
different sites in Figure 5.1c, relative to a gas phase reservoir 
at typical Fischer-Tropsch conditions (20 bar, 500 K, 
H2:CO=2; 60% conversion). Note that the stabilities depend 
strongly on the reaction conditions (Figure 5.4b). (a) C at B5 
site, 50% coverage; (b) C at B5 site next to B5 corner, 50% 
coverage; (c) C at corner at B5 corner; (d) C at both B5 sites 
next to B5 corner; (e) C at B5 corner and B5 site next to B5 
corner; (f) C at both B5 sites next to B5 corner and at B5 
corner. (g) CH at B5 site next to B5 corner; (h) CH at corner 
at B5 corner; (i) C at B5 site next to B5_F4 corner; (j) C at 
corner at B5_F4 corner; (k) C at corner of F4 corner; (l) CH 
at corner at F4 corner. Corners were modelled using 
triangular Co10 islands and hexagonal Co19 islands. The 
cobalt atoms are indicated by larger spheres and the C and 
H by small spheres. Corner atoms are black, island terrace 
atoms light grey, B5 atoms dark grey, F4 atoms white, C 
grey and H white. 
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Figure 5.3 Thermodynamic stability (kJ/mol) of CO at the different 
sites in Figure 5.1c, relative to a gas phase reservoir at 
typical Fischer-Tropsch conditions (4.4 bar CO, 500 K). (a) 
B5 corner, low coverage; (b) B5 corner, 100% coverage; (c) 
B5 corner, 100% coverage, different tilting; (d) B5 corner 
with 50% C, 100% coverage; (e) B5 corner with 100% C, 
100% coverage; (f) B5 corner with 50% CH, 100% 
coverage; (g) B5 site with 50% C, 100% coverage; (h) B5 
site with 50% CH, 100% coverage; (i) F4 site, 100% 
coverage; (j) B5_F4 corner with 50% C, 100% coverage; (k) 
F4 corner, 100% coverage;  (l) F4 corner, 100% coverage, 
different tilting; Figures m-p refers to CO adsorption at the 
island terrace sites. The CO molecules are circled. (m) Co15 
island, 1/3 ML coverage; (n) Co15 island, 1 ML coverage; 
(o) Co28 island, 1/3 ML coverage; (p) Co28 island, 1 ML 
coverage. Corners were modelled using triangular Co10 
islands and hexagonal Co19 islands. The cobalt atoms are 
indicated by larger spheres and the C, H and O by small 




grey, B5 atoms dark grey, F4 atoms white, C grey, O red 
and H white. 
 
Figure 5.4 Creation of C/CO-covered Co islands (a) Thermodynamic 
analysis (kJ/mol) for the creation of Co28, Co45 and Co66 
islands on CO-covered terraces, using the values in Figure 
5.1, 5.2 and 5.3 under Fischer-Tropsch conditions. 
Triangular Co45 islands are the most stable under Fischer-
Tropsch conditions. (b) Effect of the carbon chemical 
potential (μC) and the CO chemical potential (μCO) on the 
size of the most stable B5 islands. The (0,0) point 
corresponds to standard Fischer-Tropsch conditions (20 bar, 
500 K, H2:CO=2, 60% conversion). μC is calculated for the 
reaction CO + H2          C + H2O, and depends on the total 
pressure, the temperature, the H2/CO ratio, and the 
conversion. The effect of temperature is indicated for a 
specific gas phase composition. Co45 B5 islands are the most 
stable when μC is high and square-planar carbon is highly 
stable. As the stability of square-planar carbon decreases, 
the most stable islands become larger and eventually island 
formation becomes unfavourable. The dotted line indicates 
the conditions where infinitely large B5 islands become 
more stable than CO-covered terraces. At low μC, square-
planar carbon is no longer stable, and the island stability 
depends only on the CO chemical potential. Several 




Figure 6.1 DFT calculated Gibbs free energy profile for the CO to CH 
pathway on CO covered terraces. The preferred pathway is 
shown by dotted line. The CO coverage is 1/3 ML. The 
overall barrier is 193 kJ/mol. 
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Figure 6.2 Illustration of the nature and coverage of the different active 
sites available for CO activation under Fischer-Tropsch 
conditions.  (a) B5 step; (b) B5 site at corner; (c) C and CO 
covered Co45 island. The 45 atom island is the most stable 
island size with a carbon coverage of 50% and CO coverage 
of 100% at the B5 step and B5 site at corner under Fischer-
Tropsch conditions.  
 
93 
Figure 6.3 Schematic representing the CO to CH cycle on cobalt 
surfaces. (a & b) Under FT conditions (a gas phase reservoir 
of CO and H2), the cobalt catalyst consists of CO covered 
terraces (1/3ML CO coverage) and triangular islands (50% 
C, 100% CO coverage at B5 steps and B5 site at corner); (c-




dissociates to C at the vacant B5 site at corner. CO adsorbs 
at the vacancy left over by the dissociating bridge CO; (f-h) 
The C further hydrogenates to CH and diffuses onto a more 
stable three fold terrace site, thus regenerating the vacancy 
at the B5 site at the corner. The CH at the terrace moves over 
for chain growth to return to structure (a). 
 
Figure 6.4 DFT calculated Gibbs free energy profile for the CO to CH 
pathway at the B5 site at the corner of triangular islands. The 
bridge CO at the corner dissociates at the vacant B5 site with 
a barrier of 160 kJ/mol to form C and O. The O gets removed 
as water and the C further hydrogenates to CH, which moves 
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“A Catalyst as a dead object with a fixed structure is a wrong model of the catalytic 
cycle”     
 - Michel Boudart (2000) 
The Fischer Tropsch (FT) process converts syngas, a mixture of CO and H2 to long 
chain alkanes, olefins and small amounts of oxygenates (Fischer and Tropsch, 1923, 
Fischer and Tropsch, 1926). Syngas can be produced either from natural gas via steam 
reforming, or coal or biomass by partial oxidation or gasification. High quality sulphur 
and nitrogen free diesel fuels can be produced via the FT process thus making it an 
environmentally attractive alternative compared to petroleum based fuels. The process 
is highly exothermic and involves the following reactions: 
                                        nCO + (2n+1) H2 = CnH2n+2 + nH2O                      (1.1) 
                                                 nCO + 2nH2 = CnH2n + nH2O                      (1.2) 
The FT process has been extensively studied over the past 9 decades since its discovery 
in 1925 by German scientists Franz Fischer and Hans Tropsch to produce transportation 
fuels. In spite of its long history, very few FT plants have been established worldwide, 
primarily due to the high capital cost of the process, thus making it economically 
unfeasible compared to cheap crude oil. A recent study estimates that the FT process 
would be economically viable if crude oil prices were above US$20 per barrel (Dry, 
2004). With current crude oil prices touching US$60 per barrel, there is an increasing 
effort to look for alternative energy sources.  
 
Depleting crude oil reserves, coupled with lack of light and sweet oil, have led to 
exploitation of poor quality heavy oils and shale oils which are highly aromatic with a 
high concentration of heteroatoms, thus making it unsuitable for the production of clean 
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fuels. Also, discovery of large reserves of natural gas (shale gas in the US) has led to 
renewed attention to the FT process to produce high quality gasoline, diesel, olefins and 
other petrochemicals from coal or natural gas. Major oil companies like Shell, BP, and 
Sasol have planned construction of FT plants. Shell started operation of the biggest Gas 
to Liquids (GTL) plant in Qatar in June 2012, capable of processing 1.6 billion cubic 
feet of natural gas per day to petroleum products. 
 
A number of transition metals such as Ni, Co, Ru and Fe are known to catalyse this 
reaction with varied product distributions. Nickel based catalysts predominantly 
produce methane and hence are not an attractive choice for FT. Both Cobalt (Co) and 
Ruthenium (Ru) catalysts have high activity for CO hydrogenation and produce long 
chain hydrocarbons - however the high cost of Ru makes it industrially unattractive 
(Dry, 2004). Iron (Fe) has a lower activity. Due to the low hydrogenation activity of Fe 
compared to Co, iron catalysts are suitable for the production of long chain olefins. Co 
catalysts have a high resistance towards catalyst deactivation in the presence of water 
and hence are the preferred choice over Fe for industrial applications (Iglesia, 1997). 
Rhodium (Rh) and Copper (Cu) have high selectivity towards oxygenates such as 
methanol, acetic acid and acetaldehyde. In this thesis, we focus on cobalt as the active 
catalyst for the FT process. 
 
Though the FT process has been extensively studied for the past 90 years, a few 
unresolved questions still remain. These include 1) The structure of the catalyst surface 
under reaction conditions and 2) the effect of the catalyst structure on the FT reaction 
mechanism. The advancement of computational chemistry techniques over the past two 
decades has enabled researchers to accurately study reaction mechanisms on model 
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metal surfaces (Ge and Neurock, 2006, Cheng et al., 2008a, Cheng et al., 2008b, Cheng 
et al., 2008c, Shetty and Van Santen, 2011), and thus gain better understanding of the 
various reaction pathways possible on the catalyst surface. This has equipped them to 
propose new advanced catalytic materials which can overcome the challenges of the 
present industrial catalysts. With the help of computational tools like Density 
Functional Theory (DFT) (Hohenberg and Kohn, 1964, Kohn and Sham, 1965), this 
thesis aims to answer some of the relevant questions in the FT process on cobalt 
catalysts.  
 
A number of surface science studies have been devoted to understanding the nature of 
the Co catalyst surface by studying single crystal surfaces under FT. Wilson and de 
Groot (1995) used Scanning Tunnelling Microscopy (STM) to study Co(0001) single 
crystal surfaces before and after exposure to syngas under FT conditions (523 K, 4 bar). 
The clean cobalt surface (Figure 1.1a) consists of atomic flat terraces separated by steps 
of varying height. Strong surface reconstruction of the cobalt was observed after 
exposure to syngas, leading to the formation of similar sized islands, one atomic layer 
in height on the surface and 1.75 nm in diameter (Figure 1.1b). The formation of nano-
islands depend strongly on the reaction conditions, and was not observed on Co(0001) 
crystals in a syngas environment at 10 mbar and 493 K (Ehrensperger and Wintterlin, 
2014). Such surface reconstructions results in the formation of “defect” (steps, kinks, 
corner) sites (Figure 1.2). The equilibrium shape of the island is of course a function of 
the stability of the step sites. For example, a hexagonal island exposes two types of step 
sites indicating that the stability of both the step sites are comparable. A triangular 
island on the other hand exposes only one type of step site, hinting its higher stability 
over the other. During reaction conditions, strong adsorption of the reactants at these 
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step sites can drastically alter the stability of these sites, thus driving the formation of 
an island of a definite shape. The strong binding of carbon at the “defect” sites has been 
largely attributed to drive such surface reconstructions during FT conditions (Ciobîcǎ 
et al., 2008, Valero and Raybaud, 2014, Zhang et al., 2015). Besides carbon, CO also 
adsorbs strongly on the Co(0001) terraces and stabilizes the unreconstructed surface 
(Papp, 1983, Bridge et al., 1977, Zhuo et al., 2013). Experimentally, CO coverages of 
~50% are measured at Fischer-Tropsch conditions (Den Breejen et al., 2009). However, 
the high surface coverage of CO has not yet been considered while explaining the 
reconstructing phenomenon. Thus, the driving force for the reconstruction and creation 
of cobalt nano-islands during reaction still remain unclear.  
 
Since, the cobalt catalyst is predominantly covered by CO, the nature and location of 
the CO species is also of great interest. Polarisation-Modulation Reflection Absorption 
Infrared Spectroscopy (PM-RAIRS) was used to obtain CO vibrational spectra on 
cobalt single crystals (Beitel et al., 1996, Beitel et al., 1997). On exposure to a pure CO 
feed at 490 K and 100 mbar, a CO vibrational peak was observed at 2080 cm-1. However 
on switching to a syngas feed with the same CO pressure, this peak disappeared. 
Although the authors claim that the CO adsorption signal corresponds to CO adsorbed 
on a defect site, no clear evidence exists to support their claim. Note that one needs to 
be careful before interpreting the above results as there exists a considerable pressure 
“gap” with industrial Fischer-Tropsch conditions. 
 
The restructuring of the cobalt surface along with the high surface coverage of CO can 
have profound effects on the reaction mechanism. For example, CO dissociation is a 




Figure 1.1 STM image of a clean Co(0001) single crystal (a) before exposure to syngas; 
(b,c) after 1 hour exposure to syngas at reaction conditions. A line scan shown in (c) 






Figure 1.2 Illustration of defect sites on cobalt catalysts. (a) B5 step site; (b) B5 Corner 






created during the surface restructuring phenomenon, have been claimed to be active 
sites for CO dissociation which can account for the CO Turnover frequency of 0.02 s-1  
 (TOF- defined as the number of molecules of CO converted per surface atom per sec) 
observed in experiments (Li and Coville, 1999). However, the CO TOF  was found to 
be independent of the catalyst particle size in the range of 6-100 nm (Den Breejen et 
al., 2009, Bezemer et al., 2006), suggesting that the kinetically relevant steps of the FT 
process do not occur at step sites. Also, the presence of strongly adsorbed CO on the 
cobalt surface can significantly affect the CO dissociation or chain propagation barriers, 
thus making it imperative to consider realistic CO coverages during the modelling of 
surface reactions. Although recent studies have looked at the above reactions on CO 
covered cobalt terraces (Ojeda et al., 2010, Zhuo et al., 2013), computational studies on 
the FT reaction pathways has been largely limited to clean cobalt terraces and “defect” 
sites.  
 
To conclude, the structure of the cobalt surface and the nature of the active sites present 
under Fischer-Tropsch conditions still remains hugely debated. A detailed 
understanding of the catalyst surface would enable researchers to tune FT product 
selectivity towards the desired products. Also, a high surface CO coverage is likely to 
be present under reaction conditions. However, computational studies on the FT 
reaction pathway on CO covered surfaces remain scarce. Thus, in order to provide a 
molecular level understanding of the reaction mechanism, it is important to a) model 
the surface defects on cobalt and evaluate their thermodynamic stability under reaction 
conditions and b) investigate the reaction mechanism to explain FT product selectivity 




1.1 OBJECTIVE AND ORGANIZATION OF THESIS 
In this thesis, we present a computational study to a) identify the thermodynamic 
driving force for the creation of cobalt nano-islands under Fischer-Tropsch conditions 
and explore their stability and b) propose a CO dissociation pathway on the cobalt 
surface under realistic conditions. The fcc Co(111) surface is chosen as our model 
catalyst surface as it is the predominant surface present for particle sizes less than 100 
nm. 
 
This thesis is divided into seven chapters. An overview of the numerous studies on the 
structure of the Co catalysts and the proposed mechanisms suggested in FT is presented 
in Chapter 2. The computational methodology used in this study is discussed in Chapter 
3. In Chapter 4, we address the origin and conditions that drive the formation of 
experimentally observed nano-islands under FT conditions. The high surface coverage 
of CO predicted experimentally and theoretically is taken into consideration in this 
analysis. Chapter 5 extends the above concept to accurately predict the shape and size 
of the created nano-islands. The creation of islands leads to the formation of “defect” 
sites on the cobalt surface. CO dissociation is a key step in the FT process to produce 
the CH species, which is necessary for chain propagation via both the carbide and the 
CO insertion mechanisms. Chapter 6 proposes a CO dissociation pathway on the 
“defect sites” of the nano-islands to generate the CH species. Finally, the conclusions 























LITERATURE REVIEW OF THE COBALT SURFACE 
UNDER FISCHER-TROPSCH CONDITIONS 
AND THE REACTION MECHANISMS INVOLVED 
2.1 INTRODUCTION  
The Fischer-Tropsch (FT) process converts a mixture of CO and H2 to a complex 
mixture of liquid hydrocarbons comprising of alkanes, alkenes, oxygenates and water. 
Commercial FT plants tune the selectivity of the process to get the desired target 
product. In order to explain the wide spectrum of products obtained in the process, a 
number of mechanisms have been proposed. Also, the catalyst surface restructures itself 
during reaction conditions creating new sites in the process. In this chapter we will first 
provide a detailed discussion of the various surface science studies done to understand 
the catalyst surface and nature of active sites during reaction conditions. This will be 
followed by a summary of the various mechanisms proposed for the FT process, along 
with experimental and theoretical studies conducted in support for each of them. We 
will summarize by indicating the main challenges in the present FT work and outline 
our proposed work. 
 
2.2 CATALYST SURFACE UNDER FISCHER-TROPSCH CONDITIONS 
The high operating temperature and pressure for the FT synthesis drastically alters the 
structure of the cobalt catalysts during reaction. This, in turn directly affects catalyst 
activity and FT product selectivity. A number of theoretical and experimental surface 
science studies have focused on identifying the nature of the active sites and the surface 
coverages  of  the  reactants  during  reaction  conditions.  The  main findings from these  
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studies will be explored in this section.  
 
2.2.1 EXPERIMENTAL STUDIES 
As emphasized in the Introduction, early ex situ Scanning Tunnelling Microscopy 
(STM) studies by Wilson and de Groot revealed a remarkable reconstruction when a 
cobalt single crystal is exposed to a syngas mixture of CO and H2 under Fischer-
Tropsch conditions of 4 bar and 250 °C. In their setup, a Co(0001) single crystal was 
placed in a high pressure reaction cell with a ultra high vacuum (UHV) system fitted 
with a Scanning Tunnelling Microscope (STM). The STM images were obtained after 
reaction by quickly transferring the catalyst sample to the UHV chamber, making sure 
that the sample is not exposed to any other reactive environment. On exposure to syngas 
for an hour, the formation of rather uniform Co nano-islands with a diameter of about 
2 nm and a height of 1 atomic layer was observed (Figure 1.1). The edges of these 
islands were identified as “defect” sites (Figure 1.2a). The fraction of the total number 
of cobalt atoms in the uppermost atomic layer occupying step edge sites was estimated 
to be 50%. Nano-island formation depends on the reaction conditions and no nano-
islands were observed in a recent in situ STM study (Ehrensperger and Wintterlin, 
2014) on cobalt single crystals at 10 mbar and 493 K and a H2/CO ratio of 40 (Figure 
2.1). In another study by the same group (Ehrensperger and Wintterlin, 2015), surface 
roughening leading to terraces with a width of several nm’s was observed when a small 
amount of sulphur (< 0.5 ppm) was introduced together with the syngas. The surface 
roughening was attributed to the formation of a carbon/sulphur mixed phase. This 
surface roughening did not occur in the absence of CO, thus suggesting that a carbon 
source is necessary for reconstruction. The above studies suggests that the 




Figure 2.1 STM image of a Co(0001) single crystal before and after exposure to syngas. 
(a) clean crystal at UHV and 493 K; (b) after exposure to syngas at a total pressure of 
10 mbar, H2/CO = 40 and 493 K (Ehrensperger and Wintterlin, 2014). 
 
al. (Venvik et al., 1998a, Venvik et al., 1998b) also studied CO adsorption at room 
temperature on hcp Co(1012) and hcp Co(1120) surfaces. Their studies also indicate a 
CO induced surface reconstruction resulting in the formation of a trough and ridge 
structure with a (3x1) periodicity.  
 
Such adsorbate induced restructuring phenomenon is not only limited to cobalt surfaces. 
For example, high resolution Transmission Electron Microscopy (TEM) images show 
that the shape of ZnO-supported Cu catalyst particles changes reversibly upon exposure 
to H2 and H2O at pressures as low as 1.5 mbar (Hansen et al., 2002). Recently, atomic-
resolution TEM images illustrated the subtle reconstruction of supported Au 
nanoparticles after CO adsorption (Yoshida et al., 2012). The interatomic distances 
between the Au atoms in the topmost layer, and in between the topmost and second 
topmost layers of the nanocrystals was found to change marginally in the presence of 
CO at 45 Pa and room temperature. The Pt(100) surface was also shown to reconstruct 
at room temperature and very low CO pressures of 10-5 Torr to form 0.5-3.5 nm sized 




wide and one atom high terrace of the Pt(557) surface doubles its height and width (Tao 
et al., 2010). On further increasing the CO pressure to 1 Torr, the structure breaks down 
to form 2 nm sized triangular nano-islands, which reverses back to the double step 
structure on reducing the pressure. Similar reversible nano-island formation was also 
observed on the Pt(332) surface. Such reconstruction of the Pt surfaces has been 
attributed largely to the strong CO-metal interactions. The strong CO-Pt interaction is 
clearly evident from the above examples, as Pt surfaces readily reconstruct even at very 
low CO pressures. This is further justified by experiments conducted by Zhu et al. 
(2013) where no reconstruction was observed on exposing a Pt(100) surface to ethylene, 
at pressures up to 1 Torr.  
 
On cobalt catalysts, the reconstruction process is also accompanied by carbon 
deposition on the catalyst surface, thus suggesting both the processes to be deeply inter-
linked. Strong experimental evidence exists for the presence of carbon (polymeric, 
cobalt carbide) on cobalt catalysts (Tan et al., 2010, Weststrate et al., 2012, Moodley et 
al., 2009). With the help of High Sensitivity Low Energy Ion Scattering Experiments 
(HS-LEIS) and Energy Filtered Transmission Electron Microscopy (EFTEM) Moodley 
et al. confirmed the formation of polymeric carbon species on the cobalt particles under 
FT conditions. X-Ray Photoelectron Spectroscopy (XPS) and High Resolution 
Transmission Electron Microscopy (HRTEM) characterization of a Co catalyst after 1 
week of reaction at 240° C and 20 bar syngas pressure, provided further evidence of a 
metallic carbide along with amorphous and polyaromatic carbon species (Tan et al., 
2010). The carbon formed can either deactivate the catalyst by blocking or poisoning 
the active sites or modify the catalyst surface by reconstruction. Both phenomenon may 
occur simultaneously during reaction and hence a thorough understanding of the 
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phenomenon is essential. Numerous theoretical studies have been conducted to explain 
the correlation between surface restructuring and carbon deposition and will be 
discussed in the next section.  
 
Besides carbon, a high CO surface coverage has also been observed on cobalt surfaces 
under Fischer-Tropsch conditions. Using Steady State Isotopic Transient Kinetic 
Analysis (SSITKA), den Brejeen et al. (2009) measured CO and CHx coverages of 0.5 
and 0.1 ML (mono-layer) during FT. Low Energy Electron Diffraction Studies 
(LEEDS) revealed the formation of a (√3x√3)R30°-CO structure on the Co(0001) 
surfaces at 100 K and a CO pressure of 1.2 Langmuirs (Papp, 1983), as well as 300 K 
and CO pressure of 7 x 10-9 mbar (Bridge et al., 1977). The CO molecules occupy the 
top sites in the (√3x√3)R30°-CO structure, corresponding to a 1/3 ML coverage (Figure 
2.2a). When the CO exposure is increased to 2.2 L at 100 K, CO forms a 
(2√3 × 2√3)R30º-7CO structure with CO at top and bridge sites, corresponding to a 
7/12 ML coverage (Figure 2.2b). On further increasing the pressure to 2 x 10-6 mbar, a 
highly unstable (√7/3 x √7/3) R10.9°-3CO structure forms, which returns to the 
(√3x√3)R30°-CO structure on lowering the pressure back to 2.2 Langmuirs. Note that 
the above studies were done at pressures and temperatures much lower than the 
industrial Fischer-Tropsch conditions and hence there exists a considerable pressure 
gap. In order to bridge this gap, researchers at Shell used in situ Polarization-
Modulation Reflection-Absorption Infra-Red spectroscopy (PM-RAIRS) to study CO 
adsorption behaviour on annealed and Ar sputtered Co(0001) single crystals (to 
generate step edge defects) with a CO/H2 feed at pressures and temperatures up to 300 
mbar and 490 K respectively (Beitel et al., 1996, Beitel et al., 1997). On exposing an 




Figure 2.2 CO adsorption configurations on Co(0001) terraces. (a) (√3x√3)R30°-CO; 
(b) (2√3 × 2√3)R30º-7CO (Zhuo et al., 2013). 
 
(√3x√3) R30° configuration at pressures lower than 1 mbar, and shifts to a (2√3 x 2√3) 
R30°-7CO structure on increasing the pressure to 300 mbar. A main CO adsorption 
signal at around 2000-2050 cm-1 and a weaker signal at around 1800-1950 cm-1 was 
observed, corresponding to linearly bonded CO and bridge CO respectively (Figure 
2.3). On increasing the temperature, the peak shifts towards higher frequencies with an 
increased intensity and the bridge bonded COs’ disappear completely. Besides, an 
additional peak forms at 2080 cm-1 on raising the temperature to 490 K. On argon 
sputtered Co(0001) crystals a complex CO adsorption signal appears between 2000-
2100 cm-1 at 298 K composed of a sharp strong peak at 2080 cm-1 and a broader peak 
at 2020-2060 cm-1. The 2080 cm-1 peak was assigned to CO adsorbed on defect sites. 
The vibrational spectra remains identical on switching the feed to CO/H2. However, the 
2080 cm-1 peak decreases in intensity on increasing the temperature and finally 
disappears at 490 K, suggested to be due to blockage of the defect sites by FT products.  
The 2000-2050 cm-1 peaks agrees well with vibrational data obtained via DFT studies 
on cobalt surfaces (Pick, 2007, 2012). The authors also proposed the “defect” sites to 





Figure 2.3 PM-RAIRS spectra observed on annealed (left image) and sputtered (right 
image) Co(0001) surface under pure CO (solid line for left image) and under syngas 
(dotted line for left image). (a) 10-6 mbar/298 K; (b) 5 mbar/298 K; (c) 100 mbar/298 
K; (d) 100 mbar/490 K. (Beitel et al., 1997). 
 
2.2.2 THEORETICAL STUDIES 
A number of theoretical studies have tried to explain the observed massive 
reconstruction of the cobalt surface under Fischer-Tropsch conditions. Wilson and de 
Groot had attributed this reconstruction to be driven by an etch-regrowth process, 
whereby cobalt atoms are removed by the formation of a cobalt carbonyl species. 
Schulz et al. (2002) also proposed that the cobalt surface “segregation” during reaction 
is favoured by strong CO chemisorption leading to the formation of low coordinated 
sites which act as active sites for the Fischer-Tropsch process. In view of the above 
studies, CO adsorption at high coverages was also studied on Co(0001) surfaces using 
DFT (Zhuo et al., 2013, Gunasooriya et al., 2015). The CO coverage build up gradually 
following a single-site Langmuir isotherm until a (√3 × √3)R30º-CO structure was 
formed for CO pressures above 1 mbar at 500 K. Adsorption of additional CO 
molecules was found to be unfavourable until the CO pressure reaches 100 bar, where 
a phase transition to the (2√3 × 2√3)R30º-7CO configuration was predicted. The above 




In order to further understand the driving force for such reconstruction, the stability of 
Co(100) and Co(111) terraces and the adsorption of various possible reaction 
intermediates (O*, CO*, C*, CH*, and CH2*) was studied by Ciobica et al. (2008). 
Their calculations revealed that the surface energy of the (111) facet is lower than the 
(100) facet for the clean surfaces, indicating the higher stability of the (111) facet. 
However, the strong adsorption of carbon at the (100) facet reverses this relative 
stability for carbon coverages higher than 0.25 ML. The authors concluded that only 
carbon was able to induce the reconstruction from a fcc Co(111) to a more open fcc 
Co(100) surface. Carbon was also found to adsorb strongly on the Co(100) surfaces in 
an unique square planar configuration (Figure 2.4) and induce a clock like 
reconstruction of the (100) surface similar to that observed on nickel surfaces (Kirsch 
and Harris, 2003). The high stability of the resulting clock carbide is because the carbon 
is penta-coordinated, with 4 cobalt metal atoms in the same plane, and one below. 
Sautet and Cinquini (2010) also predicted the formation of a surface carbide to be stable 
under FT conditions. This unusual stability of square-planar carbon was recently 
analysed by Nandula et al. (2015) and attributed to the local aromaticity of the square-
planar “Co4C” motif. 
 
Valero and Raybaud (2014) also studied carbon adsorption on the Co(111) surfaces as 
a carbide and at subsurface sites for different carbon coverages. Their calculations 
showed the surface reconstruction on the (111) surface is indeed favourable for a carbon 
coverage of 1 ML, with carbon equally distributed between the top surface layer and 
the subsurface octahedral sites (Figure 2.5). Note that the cobalt atoms in the top layers 
arrange in a square geometry, but are not planar. The authors conclude that the 




Figure 2.4 Clock reconstruction of the fcc Co(100) surface by carbon. (a) 
Unreconstructed Co(100) surface with carbon at 50% coverage; (b) Clock reconstructed 
fcc Co(100) surface (Ciobîcǎ et al., 2008). 
 
At low C coverages, C atoms maximize their interaction with Co, which drives surface 
reconstruction through the formation of surface Co4C patterns. However, at high C 
coverages, C atoms will more likely form C-C bonds on top of the surface, which are 
more energetically favourable than the Co-C bonds leading to the surface reconstruction 
phenomena. Recently, Zhang et al. (2015) performed molecular dynamic simulations 
to study the surface reconstruction phenomenon on Co(0001) surfaces. For low initial 
carbon coverages of less than 12.5%, the authors proposed that the strong carbon 
adsorption on the terraces as a carbide increases the Co-Co distances, resulting in a 
surface stress. This surface stress can be reduced by “popping up” of the surface cobalt 
atoms, thus creating step sites from unreconstructed cobalt terraces (Figure 2.6).   
 
All the above studies have attributed the reconstruction phenomenon to the strong 
adsorption of carbon at different adsorption sites on the cobalt surface. Carbon 
adsorption on cobalt terraces and step sites (Figure 1.2a) has been extensively studied 
(Gong et al., 2004a, 2005, Swart et al., 2008, Tan et al., 2010, Weststrate et al., 2013). 





Figure 2.5 Top and side views of a carbon induced reconstructed Co(111) surface. The 
carbon coverage is 1ML with carbon occupying the surface and sub-surface sites. The 
carbon atoms are indicated in grey and cobalt in blue (Valero and Raybaud, 2014). 
 
terraces. In a combined experimental and theoretical study Tan et al. (2010) found that 
graphene overlayers are the most stable species under Fischer-Tropsch conditions and 
can grow from step edges on Co terraces. Swart et al. (2008) evaluated the 
thermodynamic stability of various carbon species with respect to a syngas reservoir 
and also reported the high stability of graphene under FT conditions. The order of 
stability of the different species were as follows: C single atoms < branched 
hydrocarbon molecules < linear molecules < aromatic rings. A recent study by 
Weststrate et al. (2012) provided further experimental support to the stability of the 
clock carbide and graphene islands. On a close packed Co(0001) surface, they observed 
that dosing and decomposing 0.5 ML ethylene at 630 K indeed reconstructs the 
Co(0001) surface forming a surface carbide, in agreement with the theoretical 
predictions (Tan et al., 2010, Valero and Raybaud, 2014, Ciobîcǎ et al., 2008). On 
dosing ethylene at 360 K, followed by further heating to 630 K, graphene islands were 
also observed. 
 
It is interesting to note that although a number of studies have attributed carbon to be 




Figure 2.6 Snapshots of the Co(0001) surface at different time intervals illustrating a 
carbon induced surface reconstruction. (a) after 0.01 ns; (b) after 0.03 ns; (c) after 0.5 
ns. The carbon atoms are indicated in grey, cobalt in blue and the “popped up” cobalt 
atoms are in red (Zhang et al., 2015). 
 
of cobalt as observed by Wilson and de Groot, still remain unclear. The equilibrium 
shape of these nano-island can be predicted via a Wulff reconstruction. The Wulff rule  
is given by 
    
𝜸
𝒅
= 𝒄                (2.1) 
where γ is the surface energy of a facet of the island and d is the distance of the surface 
with respect to the centre of the crystal. Thus, a facet with large surface energies will 
occupy only a small extent of the island. The Wulff construction has been used to 
determine the equilibrium shape of TiO2 (Gong et al., 2006, Stausholm-Moller et al., 
2013), CeO2 (Kozlov et al., 2012), Si (Romanyuk et al., 2007) and MoS2 (Lauritsen et 
al., 2004) nano-islands and the predicted island shapes have matched excellently with 
the corresponding experimentally observed STM images. However, it is important to 
note that the shape of these islands can change drastically on altering the reaction 
environment. For example, Kozlov et al. (2012) observed that the shape of the CeO2 
islands on Ru(0001) surfaces changes from triangular to hexagonal as the temperature 
is increased by more than 100 K. During the synthesis of molybdenum based catalysts 
used for the hydrodesuphurisation reactions, the MoS2 nano-clusters change shape from 





Figure 2.7 Atom resolved STM images of MoS2 nanoclusters synthesized in (a) highly 
sulphiding conditions (H2S:H2= 500); (b) sulpho-reductive conditions (H2S:H2= 0.07); 
(c) Wulff reconstructed structure of the MoS2 nanocrystal illustrating the Mo and S 
edges. The vectors corresponding to the Mo and S surface free energies are drawn on 
the MoS2 surface. The shape of the nanocrystal is a function of the stability of the Mo 
and S edges. When the surface energies are equal, a hexagonal shape is obtained 
whereas triangles are formed when the surface energy of one of the edge sites is more 
than double of the other (Lauritsen et al., 2004). 
 
under highly reducing conditions (H2S:H2=0.07) (Lauritsen et al., 2004) (Figure 2.7). 
The change in shape is attributed to the change in stability of the step edge sites on 
exposure to different reaction environments. As described earlier, cobalt nano-islands 
terminated with step edges are observed during Fischer-Tropsch conditions. These 
islands can either be terminated by the B5 or the F4 step edge. The individual stabilities 
of these step edges on exposure to syngas, would thus decide the shape of the created 
nano-island under Fischer-Tropsch conditions. However, the size of the created islands 
cannot be determined via a Wulff construction. 
 
Two conclusions can be drawn from the above discussions – Firstly, flat terraces of the 
clean surface reconstructs to form one atomic layer high cobalt islands under FT 
conditions; carbon can induce a surface reconstruction of an existing surface to create 
a structure with a stronger carbon adsorption energy. However, the thermodynamic 
driving force for the creation of nano-islands is yet to be explored. Secondly, CO 




coverage of around 50%.  Thus, the modelling of surface reactions should consider 
realistic sites under realistic coverages. The different surface reactions during the FT 
reaction and the proposed reactions mechanism are discussed in the next section. 
 
2.3 REACTION MECHANISMS 
This section deals with mechanistic ideas of the FT reaction. A large number of 
theoretical studies have discussed the various steps in the FT mechanism, namely CO 
dissociation, chain propagation and chain termination followed by desorption of the 
product. A very brief description of the main proposed mechanisms is first discussed 
followed by a detailed description of the theoretical studies conducted to study CO 
dissociation on the cobalt surfaces. 
 
2.3.1 CARBIDE MECHANISM  
The carbide mechanism, first proposed by Fischer and Tropsch (1926) in the 1920’s, 
suggested the dissociative adsorption of CO on metal surfaces to form metal carbides. 
The carbon atoms are then hydrogenated to form the M-CH2 species. Chain propagation 
occurs by the coupling of the M-CH2 groups to form long chain hydrocarbons. Products 
are formed via hydrogenation and desorption from the catalyst surface. A slight 
modification of the carbide mechanism was the alkyl mechanism proposed by Brady 
and Pettit (Brady  and Pettit, 1980, Brady and Pettit, 1981), in which chain propagation 
was suggested to occur by coupling of the M-CH2 and M-CH3 groups. Their results 
were supported by experimental studies, which revealed that the dissociative adsorption 
of diazomethane on Co, Fe and Ru surfaces indeed led to the formation of ethene. 
Martinez et al. (Martinez et al., 1989) proposed the alkenyl mechanism in the late 




Figure 2.8 Illustration of the Carbide Mechanism. 
mechanism, methyne (M≡CH) and methylene (M=CH2) groups combine to form the 
M-CH=CH2 species which combine with another methylene group and undergo 
isomerisation to produce the M-CH=CHCH3 species which may further polymerise or 
terminate by hydrogenation to generate the product. Although the carbide mechanism 
accounts for the formation of alkanes and alkenes, it does not explain the formation of 
oxygenates. This led to the rise of the CO insertion mechanism which is discussed next.  
 
2.3.2 CO INSERTION MECHANISM 
As an alternative to the carbide mechanism the CO insertion mechanism was proposed 
by Pichler and Schulz (1970) and Schulz and Zein El Deen (1977) to account for the 
range of products formed during FT. Chain growth occurs by the insertion of CO in the 
RCH2 group. The RCH2CO group may then undergo hydrogenation, C-O scission and 
further CO insertion. Thus, high concentrations of CH2 groups are not required for this 
mechanism (Zhuo et al., 2009). The RC groups further hydrogenate followed by C-O 
scission and further CO insertion to form longer hydrocarbon chains. Masters (1979) 
proposed an alternative mechanism in which the CO inserts into a RCH group instead 
of an RCH2 group. Chain termination may either occur immediately after the CO 
scission to generate alkane and alkenes which are the primary products of the Fischer-
Tropsch synthesis. Alternatively, chain termination can occur by desorption of the 






Figure 2.9 CO insertion mechanism by Pichler and Schulz (1970) and Schulz and 
Zein El Deen (1977). 
 
2.3.3 CO SCISSION AND FORMATION OF CH 
CO dissociation and CH formation is one of the key steps in the Fischer-Tropsch 
mechanism. We discussed in the earlier section that the formation of a CH2 species is 
necessary for chain growth either by the carbide or the CO insertion mechanism. The 
CH2 species can be formed by CO dissociation to C and O followed by C 
hydrogenation. CO dissociation has been extensively studied on both flat terraces and 
special “defect” sites. On flat cobalt terraces, very high scission barriers of over 200 
kJ/mol has been reported (Gong et al., 2004a, Ge and Neurock, 2006, Inderwildi et al., 
2008, Zhuo et al., 2009). For example, Ge and Neurock (2006) calculated CO 
dissociation barriers of 218 kJ/mol on clean flat Co(0001) terraces. The hydrogenation 
of the carbon to CH is relatively easy with a barrier of only 82 kJ/mol (Gong et al., 
2005), thus making the CO scission step rate limiting on flat Co terraces. Recent studies 
have also studied the effect of realistic CO coverages on the CO dissociation barriers 
24 
 
on the cobalt terraces (Ojeda et al., 2010, Qi et al., 2014). Ojeda et al. reported very 
high scission barriers of 367 kJ/mol, thus suggesting the direct CO dissociation to be 
kinetically unfavourable under realistic CO coverages.  
 
Besides the direct CO dissociation, an alternate hydrogen assisted CO scission 
mechanism to generate the CH2 species required for chain propagation was proposed 
by Pichler and Schulz (Pickler and Schulz, 1970). In this mechanism, CO first 
hydrogenates to CHO/HCOH/H2CO species followed by CO scission. The HCO and 
H2CO species were indeed observed by High Resolution Electron Energy Loss 
Spectroscopy (HREELS) on CO covered Ru(0001) surfaces on exposure to H2 at 100 
K (Mitchell et al., 1993). However, they were very unstable and decomposed on raising 
the temperature to 250 K. Recent X-Ray Absorption Spectroscopy (XAS) studies of 
CO dissociation on cobalt nano-particles at room temperature and at 250 °C, suggests 
a hydrogen assisted CO scission mechanism (Tuxen et al., 2013). A CO/He feed 
mixture was passed over the cobalt particles after reduction in pure H2. No oxide peak 
was observed (indicator for CO dissociation) for the smaller nano-particles, whereas 
the larger particles displayed an oxide peak even at room temperarure. On switching 
the feed to H2, an oxide peak was observed for the smaller nano-particles, thereby 
suggesting that hydrogen assists in the dissociation of CO. No CO dissociation was 
observed on repeating the experiments by annealing the larger sized particles in He to 
remove the adsorbed hydrogen before exposure to CO, thus suggesting that hydrogen 
is required for CO dissociation.  
 
The barriers for a hydrogen assisted CO dissociation has also been evaluated on clean 
Co(0001) terraces (Inderwildi et al., 2008, Zhuo et al., 2009, Ojeda et al., 2010, Zhao 
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et al., 2014, Qi et al., 2014). The hydrogenation of the CO was found to lower CO 
scission barriers. For example, Zhuo et al. (2009) reported hydrogenation barriers of 
146 and 170 kJ/mol for the hydrogenation of CO to CHO and H2CO intermediates 
respectively. Although further CO scission of the CHO and H2CO intermediates to form 
CH and CH2 has low barriers of 90 and 68 kJ/mol respectively, the first hydrogenation 
step is considerably endothermic at 117 kJ/mol, thus suggesting the HCO species to be 
rather unstable. The overall barriers thus still remain high at around 200 kJ/mol. 
Weststrate et al. (2010) studied ethanol decomposition on the Co(0001) surface using 
X-ray photolelectron spectroscopy (XPS) and inferred that CO scission does not occur 
when hydrogen atoms are directly attached to the C end of the CO molecule. Ojeda et 
al. (2010) compared the direct and hydrogen assisted pathways on a 0.5 ML CO covered 
Co(0001) terraces and proposed that CO scission proceeds via the HCOH pathway. 
According to their calculations, the hydrogen assisted pathway proceeds with an overall 
barrier of around 190 kJ/mol which is significantly lower than the direct CO scission 
barrier of 367 kJ/mol. In summary, the overall barriers for CO scission via the hydrogen 
assisted route still remained high. Thus, the direct CO dissociation or the hydrogen 
assisted mechanism seems unlikely on terraces, though alternative pathways can be 
envisaged.  
 
As discussed earlier, the cobalt catalyst reconstructs to generate “defect” sites during 
FT conditions. These defect sites include B5 steps, F4 steps, corner and kink sites and 
have been proposed to be active sites for CO dissociation. The B5 site was first 
introduced by van Hardelveld and van Montfoort in the late 1960s (1969) and consists 
of an arrangement of 5 metal atoms. Figure 1.2a illustrates a B5 site present at the step 
edges. The presence of step and kink sites on a catalyst surface has long been known to 
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enhance catalytic activity for a wide number of reactions. For example, the turn over 
frequency for cyclohexene hydrogenolysis on Pt surfaces increases with increasing step 
density (Blakely and Somorjai, 1976). The catalytic activity of these B5 sites were 
further confirmed from NO dissociation studies on the Ru(0001) surface (Zambelli et 
al., 1996). STM images revealed a high density of nitrogen atoms along the B5 step 
site, thus suggesting them to be highly active for NO dissociation. Similarly, the rate of 
steam reforming of ethane was found to be directly proportional to the number of B5 
step sites available (measured by N2 chemisorption) on the nickel catalysts (Rostrup-
Nielsen et al., 2002). The addition of alkali to the nickel catalyst led to reduction in the 
activity due to the blocking of the B5 sites. Similarly, the hydrogenation of ethylene on 
nickel surfaces was favoured at the step sites, with a decrease in activity observed on 
the addition of silver which blocks the step sites (Vang et al. 2005). Ammonia synthesis 
on ruthenium surfaces was also enhanced by step sites. The addition of small amounts 
of gold atoms to block the step sites dramatically lowers the activity (Dahl et al., 1999). 
The higher reactivity of step sites for bond breaking reactions can be attributed to both 
“electronic” and “geometric” effects. For example, the adsorption of NO at step sites 
leads to the weakening of the N-O bond due to the enhanced back donation from the 
metal d-orbitals to the 2π* antibonding orbitals. This makes it easier to break the N-O 
bond. Also, the N and O product adatoms do not share bonds with the same metal atom, 
thus reducing the repulsive interactions and facilitating bond cleavage. CO dissociation 
was also found to be relatively easier at the “defect” sites. The defect sites have been 
modelled as steps or corrugated surfaces on the cobalt catalyst. For example, the direct 
CO scission barrier reduces to 195 kJ/mol and 89 kJ/mol on the stepped Co(1120) and 
Co(1124) surfaces respectively (Ge and Neurock, 2006). Lennart et al. (2014) studied 
CO scission on a clean and carbon-covered corrugated Co(11-21) surface. On the clean 
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surface, they reported barriers of 92 kJ/mol, which increased to 140 kJ/mol in the 
presence of a sub–surface carbon. Shetty and van Santen (2010) reported even lower 
barriers of 68 kJ/mol on the special 6-fold sites present on a Co (10-10)B surface. 
Recently, Liu et al. (2013) compared CO dissociation barriers on different exposed 
facets of a fcc and hcp Co and proposed barriers less than 100 kJ/mol on the (11-21) 
face of the hcp crystal. In contrast, CO dissociation barriers of around 150 kJ/mol were 
reported at 4-fold B5 step sites of an fcc Co surface (Gong et al., 2004a, van Helden et 
al., 2012, Zhao et al., 2014). Recent studies by van Helden et al. at the B5 sites of 
Co(211) surfaces however suggest that CO dissociation proceeds via a hydrogen 
assisted pathway at the B5 sites (2012) with an overall barrier of 123 kJ/mol (Figure 
2.10). Hydrogenation of the CO adsorbed at the B5 site to CHO is 64 kJ/mol 
endothermic, with an activation barrier of 65 kJ/mol. The CHO further dissociates to 
CH and O with a barrier of only 59 kJ/mol. The B5 site stabilizes the HCO intermediate, 
thereby lowering the CO scission barriers. The low CO dissociation barriers at the B5 
sites led the authors to assign them as “active” sites for CO dissociation. Experimental 
studies on  the effect of cobalt particle size on FT activity has also been studied by 
various groups (Bezemer et al., 2006, Den Breejen et al., 2009, Herranz et al., 2009, 
Prieto et al., 2009). Their results concluded that the FT reaction is structure insensitive 
for particle size between 6 to 100 nm, thus suggesting the kinetically relevant steps of 
the FT reaction occur on the terraces.  
 
The above studies suggest that the defect sites on the cobalt surface may act as the active 
sites for CO dissociation. However, the thermodynamic stability of these sites under FT 
conditions and the effect of a high CO surface coverage on the activity of these sites 




Figure 2.10 Direct and Hydrogen assisted CO dissociation on Co(211) surfaces. (a) 
Energy profile; (b) Transition state for HCO dissociation (van Helden et al., 2012). 
 
2.4 SUMMARY 
The structure of the cobalt catalyst under reaction conditions is vastly different from a 
clean surface. On exposure to syngas, the surface modifies to form uniform sized cobalt 
islands and “defect” sites. Although DFT studies have shown a strong carbon 
adsorption to be responsible for the surface restructuring, the nature of these “defect” 
sites and the driving force for the creation of these one atomic step high nano-islands is 
yet to be elucidated. The formation of these nano-islands of a precise shape and size is 
not very well understood, and is likely to be governed by the strong adsorption of the 
reactants or intermediates formed during Fischer-Tropsch synthesis. Also, DFT and 
experimental studies have shown that CO adsorbs strongly on the cobalt terraces with 
a surface coverage of around 50%. The high CO surface coverage has however not been 
accounted for in any of the theoretical studies on surface reconstruction. Also, the 
nature of the catalyst surface has a direct impact on the reaction mechanism. For 
example, DFT calculations have shown that CO dissociation is kinetically difficult on 
the cobalt terraces. However, special defect sites like the B5 step sites provide a low 




cobalt surfaces without considering the effect of realistic CO surface coverages on the 
reaction barriers. 
 
In conclusion, the structure of the catalyst surface during FT is not very well 
understood.  The recent advances in computational research has enabled us to model 
different catalyst surfaces accurately and compare their thermodynamic stabilites under 
reaction conditions. An insight into the structure of the catalyst surface is required 
which will allow us to model the different surface reactions on real catalyst systems 




















3.1 DENSITY FUNCTIONAL THEORY   
The rapid progress in quantum mechanics over the past century has enabled scientists 
to understand the properties of atoms and molecules at the micro-scale. The quantum 
behaviour of the atoms and molecules can be understood by solving the Schrödinger 
Equation. The time independent, nonrelativistic Schrödinger equation for an N electron 
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where m is the electron mass, h is the Planck constant and the three terms in the brackets 
refers to the kinetic energy of the electron, the interaction energy between the electron 
and nuclei, and the interaction energy between different electrons. E is the ground state 
energy of the electrons and ψ is the electronic wave function, such that ψ = ψ(r1, 
r2….rN). The electronic wave function contains all the information about the state of the 
system. The above equation is impossible to solve for a multi electron system and 
certain approximations needs to be made to solve it. This led to the development of 
Density Functional Theory (DFT) by Kohn and Hohenberg (1964) and Kohn and Sham 
(1965) in the mid 1960’s for solving the multi-electron Schrodinger equation. They 
proposed replacing the 4N dimensional wave function with the 3 coordinate electron 
density, thus simplifying the problem. A concise summary of the basic principles 
behind DFT and an example of the accuracy of its predictions was later provided in a 
Nobel lecture by Kohn (Kohn, 1999). Today, a large number of computational 
softwares like VASP, CASTEP, SIESTA, Quantum Expresso etc. are available for 
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performing Density Functional theory calculations. In this thesis, we have used the 
Vienna ab initio Simulation Package (VASP) developed by Kresse and Haffner (1993) 
for performing self-consistent periodic DFT calculations.  
 
3.2 USING THE VIENNA AB-INITIO SIMULATION PACKAGE (VASP) 
3.2.1 VASP SETTINGS  
The adsorption energies for different adsorbates on the cobalt surfaces was calculated 
using the periodic spin-polarized density functional theory approach implemented in 
VASP (Kresse and Furthmüller, 1996a, b). A revised Perdew-Burke-Ernzerhof 
(revPBE) functional (Zhang and Yang, 1998) including a non-local vdW-DF 
correlation (Dion et al., 2004, Klimeš et al., 2011), a plane-wave basis set with a cut-
off kinetic energy of 450 eV, and the Projector-Augmented Wave method (PAW) 
(Blochl, 1994) was utilized for this purpose. Most of the Generalized Gradient 
Algorithm (GGA) functionals (PBE, PW91) overestimate the CO binding energies on 
the transition metal surfaces (Hammer et al., 1999). The recent implementation of the 
vdw-DF correlation in VASP has shown to provide an accurate description of CO 
adsorption on Co(0001), (Gunasooriya et al., 2015) on Pt (111) (Lazic et al., 2010) and 
also CHx, OH, and CH3O adsorption on Pt(111) surfaces (Lew et al., 2011). The 
structures were relaxed with a conjugate gradient algorithm. A first-order Methfessel-
Paxton scheme with a smearing width of 0.1 eV was used to facilitate self-consistent 
field (SCF) convergence. The geometries were optimized using a blocked Davidson 
scheme until the energy change between consecutive steps was less than 0.1 kJ/mol. 
The vibrational frequencies for the adsorbed species was calculated using the same 
settings as above, but with a finite difference method. 
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Transition state studies were performed with the help of a Nudged Elastic band (NEB) 
method (Mills and Jonsson, 1994, Henkelman et al., 2000, Henkelman and Jonsson, 
2000). The NEB method is used to develop a minimum energy pathway (MEP) between 
two local minima. NEB suggests initial structures for the transition state by a linear 
interpolation between the initial and final state geometries. Around 4-5 intermediate 
transition structures were optimized by minimizing the forces to 0.05 eV/Å, using a 
quasi-Newton algorithm. The structure closest to the transition state along the reaction 
coordinate was then further optimized and the vibrational frequency calculated. A 
single imaginary frequency for the atoms involved in the transition state confirms the 
true transition state. 
 
3.2.2 MODELLING THE COBALT SURFACE  
The cobalt surface was modelled as a fcc Co(111) surface in all our calculations. Fcc 
cobalt was chosen as it is the most stable phase under Fischer-Tropsch conditions 
(Kitakami et al., 1997, van Steen et al., 2005) for particles sizes of less than 100 nm. 
The cobalt terraces were modelled as a three layer, fcc Co(111) p(3x3) unit cell. Thus 
each layer contained 9 cobalt atoms. The optimized bulk lattice parameter, 3.56 Å 
agrees well with the experimental value of 3.55 Å. In order to minimise the interactions 
between the repeated slabs, an inter-slab spacing of 10 Å was chosen. The 
thermodynamic stability of different adsorbates on the stepped surfaces (Chapter 4 and 
5) were studied by modelling step sites using a three-layer p(2x8) slab, where 4 rows 
of Co atoms were removed from the top layer. A three layer p(6x6) unit cell was chosen 
for modelling the islands of different sizes (Chapter 5). CO activation on these stepped 




Figure 3.1 Illustration of a terrace and stepped Cobalt surface and the different 
adsorption sites available. (a) Top view of a p(3x3) unit cell. B - Bridge site, F - hollow 
fcc site, H - hollow hcp site, T - Top site; (b) Top view of a p(2x8) unit cell with 4 rows 
removed from the top layer. F4 - three fold F4 step site, B5 - 4 fold B5 step site, HE - 
hollow hcp site at step edge, BE - bridge site at step edge, TE- top site at step edge; (c) 
Side view of a three layer p(3x3) unit cell with 10 Å inter-slab spacing in the z- 
direction. The top two layers are relaxed and the bottom layer fixed during geometry 






















from the top layer. An illustration of a model cobalt terrace and step surface along with 
the different adsorption sites is shown in Figure 3.1. The Brillouin zone was sampled 
with a (3x3x1) Monkhorst-Pack grid. The top two layers were relaxed and the bottom  
layer was constrained at the Co bulk positions. The effect of a thicker slab, a denser k 
point grid, a higher inter-slab spacing and different unit cell sizes on the calculated 
adsorption energies was studied in great detail, and was found to change the adsorption 
energies by less than 5 kJ/mol. 
 
3.2.3 DFT XPS CORE LEVEL BINDING ENERGY  
Since its discovery in 1958 by K.M. Siegbahn, X-Ray Photoelectron Spectroscopy 
(XPS) has become a widely used analytical tool to provide a qualitative and quantitative 
analysis of the elemental composition of a surface, typically up to 10 nm in depth. In 
principle, the surface to be analysed is irradiated with a high energy X ray beam 
(allowing the electrons to escape from the surface), and the kinetic energy of the 
escaped electrons measured. The difference in energy between the X-ray beam and the 
kinetic energy of the electrons is a measure of the binding energy of the electron. The 
binding energy spectra is characteristic for each metal and hence the chemical 
composition of the surface can be determined. The core level binding energy can also 
be calculated with DFT using a final state approximation as implemented in VASP 
(Kohler and Kresse, 2004). In the final state approximation, the core level binding 
energy is the difference in energy between the unexcited ground state electron and the 
excited state electron. In order to maintain charge neutrality, the resulting core hole is 
screened by adding an electron in the lowest unoccupied valence state. The chemical 
shifts are calculated rather than the absolute binding energies and the core level binding 
energies are estimated with respect to an experimental reference (Trinh et al., 2013). 
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The C 1s binding energy for graphite, 284.4 eV and the Co 2p binding energy of bulk 
cobalt, 778.1 eV is chosen as the reference in our calculations. For e.g. the core level 
binding energy for the C 1s for a carbon species is calculated using Eq. (3.2) 
B.EC1s = 284.4 + (Excited state energy – Ground state energy)C1s –  
                            (Excited state energy – Ground state energy)C1s graphite  (3.2) 
 
3.2.4 IR INTENSITIES OF THE ADSORBED SPECIES 
The intensities of the IR active vibrational modes for the adsorbed species were 
calculated using the Density functional perturbation theory (DFPT) approach available 
in VASP (Giannozzi and Baroni, 1994). The IR intensities were calculated from the 
Born effective charges which refers to change of atom’s polarizabilities with respect to 
an external electric field, and the displacement vectors. These IR intensities calculated 
were further compared with experimental values.  
 
3.2.5 NATURAL BOND ORBITALS  
Natural Bond Orbital (NBO) analysis (Weinhold and Landis, 2005, Foster and 
Weinhold, 1980) has been successfully applied for understanding chemical bonding in 
molecular systems, (Zhao et al., 2008) including heterogeneous catalysed reactions 
(Sung et al., 2008, Wannakao et al., 2011). NBO’s essentially consist of a set of 
orthonormal localized “maximum occupancy” orbitals that gives a very accurate Lewis 
type description of the total electron density. Thus, NBOs provide a valence bond-type 
description of the wavefunction, closely linked to classical Lewis structure concepts. 
The NBO algorithm has recently been implemented for periodic calculations and can 
be used to analyse metal-adsorbate interactions (Dunnington and Schmidt, 2012). The 
NBO analysis for the periodic systems was conducted by implementing the code 
obtained from Dunnington and Schmidt. The authors implemented their code for 
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studying CO adsorption on Pd surfaces. A Def2-SVP basis set was used for the atomic 
orbital projection with the diffuse s orbitals removed from the cobalt basis set. This 
basis set was found to be adequate for capturing the electron density, indicated by a low 
“spillage” parameter (10-3) obtained from the analysis. Visual Molecular Dynamics 
(VMD) was used for visualization of the bond orbitals (Humphrey et al., 1996).  
 
3.3 SAMPLE CALCULATIONS  
3.3.1 ADSORPTION ENERGY   





                            (3.3) 
where ETotal, Eslab and EX(g) are the DFT calculated electronic energies of the adsorbate–
cobalt surface, clean cobalt surface and the molecule in the gas phase, respectively. N 
is the number of molecules of ‘X’ adsorbed. Ab–initio methods like DFT assumes the 
molecule to be non-vibrating and hence does not account for the small residual motion 
of the molecule at 0 K, also known as the zero point vibrational energy (ZPE). The zero 






i=1                                                            (3.4) 
where vi is the vibrational frequency of the species. A sample calculation for CO 
adsorption at the top site of a Co(111) surface is shown below 
 
EXAMPLE 1 





Table 3.1 DFT calculated energies and ZPE for CO adsorption on a top site of Co(111) 
terrace 
 
Using equation 3.3, E ads, X= -1.31 eV 
1 eV is equivalent to 96.48 kJ/mol, hence, ECO = -127.0  kJ/mol 
 
3.3.2 GIBBS FREE ENERGY   
In addition to estimating the adsorption energies of the surface intermediates, the 
thermodynamic stability of the CO, CHx and OHx adsorbates was also evaluated. The 
stabilities of the CO, CHx and OHx species relative to a gas phase reservoir of CO, H2 
and H2O were calculated from the reaction Gibbs free energy change (ΔG) for reactions 
3.5-3.7 under Fischer-Tropsch conditions (500 K, 20 bar, 60% conversion), and 
includes the effects of pressure, composition, and temperature (Eq. 3.8 and 3.9). At 
these conditions, the partial pressures of CO, H2 and H2O is evaluated to be 4.4 bar, 8.8 
bar and 6.6 bar respectively. 
  CO (g) + * <--> CO*                 (3.5) 
      CO (g) + (x/2 +1) H2 (g) + *  <--> CHx* + H2O (g)             (3.6) 
H2O (g)  <--> OHx* + (1-x/2) H2 (g)                                                    (3.7) 
ΔGCHx(T, p) = ΔH (T) -TΔS + RT ln(pH2O/pCOpH2x/2+1)                   (3.8) 
     ΔGOHx(T, p) = ΔH(T) -TΔS + RT ln(pH21-x/2/pH2O)                           (3.9) 
where ΔH and ΔS are the enthalpy and entropy changes for the reaction respectively. 
The DFT calculated electronic energies are computed at 0 K. To evaluate the Gibbs free 












-98.23 -85.47 -11.38 1 0.2 0.128 
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to be calculated. For the gas phase species, the enthalpy and entropic corrections are 
given by a summation of the translational, rotational and vibrational energies (Eq.3.10 
to Eq. 3.15). The adsorbed species only has a vibrational enthalpy and entropy. 
ΔHgas,linear   =   
7
2
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 i                                           (3.12) 









ln(kT) − ln(𝑝) +
5
2
] + R [ln (
𝑘𝑇
𝜎ℎ𝐵
) + 1]  
− R ∑ ln (1 − e−
hvi












i                              (3.13) 





























− R ∑ ln (1 − e−
hvi












i                          (3.14) 
𝑆ads   =   −R ∑ ln (1 − e
−
hvi












i                       (3.15) 
 
where, h = 6.626 x 10-34 J.s is the Planck's constant, vi - vibrational frequencies of the 
gas phase and adsorbed species in s-1,  R = 8.314 J/mol K is the gas constant, k = 1.381 
x 10-23 J/K is the Boltzmann constant, σ is the rotational symmetry number and m is the 
atomic mass in kg. A, B and C are the rotational constants for a molecule. A step by 
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step process to calculate the thermodynamic stability for a given species is explained 
below with the help of an example. 
 
EXAMPLE 2 
A sample Gibbs free energy change calculation for adsorption of a CH species on a 
p(3x3) Co(111) surface at the hollow hcp site at 500 K, 20 bar and 60% conversion is 
shown below  
CO (g) + 3/2 H2 (g) + *   CH* + H2O (g)  
Table 3.2 DFT calculated energies, ZPE, enthalpy and entropy temperature corrections 
for CH adsorption on a hollow site of Co(111) terrace. 
 










CH* -96.25 26.4 8.9 29.0 
Slab -85.47 - - - 
CO(g)  -11.38 12.34 14.61 207.57 
H2(g)  -6.95 25.56 14.55 145.28 
H2O(g)  -12.19 53.06 16.81 206.57 
 
ΔH (500 K) = (−96.25 − 12.19 +  11.38 +  1.5 ×  6.95 + 85.47)  × 96.48
+ 53.06 + 26.4 − 12.34 − 1.5 × 25.56 + 8.9 + 16.81 − 14.61










ΔG (500 K, 20 bar) = −93.5 + 0.5 × 190 + 8.314 × 0.5 × ln
6.6
4.4 × 8.8







3.3.3 CORE LEVEL BINDING ENERGIES 
EXAMPLE 3 
The C 1s core level binding energy for carbon at a B5 site of a p(2x8) unit cell is shown: 
Table 3.3 DFT calculated ground and excited state energies for bulk graphite and 
carbon at the B5 step site. 
  
Species 
Ground state Energy 
(eV) 
Excited State Energy 
(eV) 
Carbon at B5 step -105.61 -159.3 
Graphite -270.76 -322.96 
 
Using Eq. 3.2 
























CATALYST STRUCTURE DURING FISCHER TROPSCH 
CONDITIONS: FORMATION OF COBALT NANO-
ISLANDS  
4.1 INTRODUCTION 
The structure of heterogeneous catalysts under reaction conditions often differs 
dramatically from their ideal clean structure, (Hansen et al., 2002, Yoshida et al., 2012, 
Tao et al., 2010, Wilson and De Groot, 1995, Venvik et al., 1998a, Venvik et al., 1998b) 
challenging the validity of model studies that assume ideal catalyst structures. A striking 
example is the formation of quasi-uniform nano-islands with a height of one atomic 
layer and containing less than 50 Co atoms when a Co(0001) single crystal is exposed 
to CO and H2 under Fischer-Tropsch reaction conditions of 4 bar and 523 K (Wilson 
and De Groot, 1995). The formation of nano-islands greatly increases the number of 
surface “defect” sites which have been proposed as the catalytically active sites for 
Fischer-Tropsch synthesis (Van Hardeveld and Hartog, 1969, Shetty and Van Santen, 
2011). Insight into the formation, the structure and the coverage of these nano-islands 
would therefore be an important step towards controlling the activity and selectivity of 
Fischer-Tropsch synthesis, a major industrial process for the production of clean fuels. 
This massive reconstruction of the cobalt catalyst under reaction conditions is however 
puzzling because island formation is highly unfavourable on clean cobalt surfaces. 
Moreover, the nano-islands only form under reaction conditions and were not observed 





The driving force and conditions required for the formation of the nano-islands remain 
controversial. Numerous theoretical and experimental studies have attributed such 
restructuring to the strong adsorption of carbon on the cobalt surface as discussed in 
detail in Chapter 2. However, none of these studies have explained the formation of 
nano-islands on the cobalt catalyst during reaction conditions. The specific conditions 
that lead to the formation of the catalytic nano-islands therefore remain unclear. Also, 
both experimental and theoretical studies suggest a high CO coverage of around 50% 
under Fischer-Tropsch conditions (Den Breejen et al., 2009, Zhuo et al., 2013). 
However, the effect of strongly adsorbed CO on the catalyst structure was not 
considered in these earlier studies. In this chapter, we present a computational study to 
address the thermodynamic origin and conditions for the experimentally observed 
formation of nano-islands under Fischer-Tropsch conditions. The effect of the high CO 
surface coverage on the stability of Co terraces, and the combined synergistic effect of 
C and CO adsorption on the formation of nano-islands, are addressed for the first time. 
We show what species can and should bind to Co under reaction conditions to facilitate 
the formation of steps and islands. 
 
4.2 RESULTS AND DISCUSSION 
4.2.1 STEP CREATION ENERGY  
Step creation and island formation are highly unfavourable for the clean Co(111) 
surface. Creating a pair of B5 and F4 step sites by breaking a large (111) terrace into 
two smaller terraces costs 85 kJ/mol (Figure 4.1). Note that the symmetry of the fcc 
lattice leads to pairs of B5 and F4 sites in this procedure. Creating a step formally 
corresponds to breaking two Co-Co bonds and the calculated step creation energy of 85 
kJ/mol leads to a Co-Co bond energy of 43 kJ/mol. This value corresponds to a bulk 
cohesive energy of 510 kJ/mol, in reasonable agreement with the calculated bulk 
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cohesive energy of 445 kJ/mol (experimentally 424 kJ/mol (Kittel, 2005)). In this 
process the number of adsorption sites decreases: three rows of terrace sites are 
converted to one row of B5 sites and one row of F4 sites.  
 
4.2.2 ADSORPTION OF CHX, OHx AND CO AT STEP SITES 
Since various carbon-containing species has been shown to adsorb strongly on Co 
(Gong et al., 2004a, 2005, Tan et al., 2010, Weststrate et al., 2013, Ciobîcǎ et al., 2008, 
Valero and Raybaud, 2014, Zhang et al., 2015), it is natural to ask whether strong 
adsorption and high coverage at the new step sites could overcome the large energy 
penalty to create steps. To evaluate the effect of adsorbates, the stability of C, CH, and 
CH2, at the steps (Figure 4.2), as well as the adsorption of CO on terraces and steps 
(Figure 4.3) was computed to find a combination that could overcome the step creation 
penalty. The adsorption energies of these species at the terrace and step sites are 
tabulated in Table 4.1. The calculations show that C and CH bind strongly at the four-
fold B5 step sites with stabilities of -18 and -23 kJ/mol, respectively. Thermodynamic 
stabilities are defined as reaction Gibbs free energies relative to a synthesis gas reservoir 
under Fischer-Tropsch conditions and fully account for the effect of temperature, 
pressure and composition (see Chapter 3). In particular C binds 58 kJ/mol stronger at 
the four-fold B5 site (Figure 4.2h) than at a hollow site on Co terraces (Figure 4.2a) and 
84 kJ/mol stronger than at the three-fold F4 site (Figure 4.2i). Subsurface carbon was 
found to be around 60 kJ/mol less stable than the carbon at the B5 site under Fischer-
Tropsch conditions (Figure 4.2b). Hydrogenation of C to CH is only marginally 
favourable at the B5 sites. On Co terraces, hydrogenation of C to CH is highly 
favourable by 50 kJ/mol, illustrating the unique stability of the naked carbon at the 




Figure 4.1 (a) Creation of a pair of F4 and B5 sites on Co(111) terraces; (b) Procedure 
to calculate the step creation energy. In a p(2x8) Co(111) unit cell, 4 rows are moved 
from the top layer (i) to the bottom layer (ii), creating 4 F4 step sites (red, c) and 4 B5 
step sites (green, d) per unit cell. Note that 8 rows of terrace sites (i) form 5 rows of 
terraces site in (ii) (indicated in orange), 1 row of B5 sites and 1 row of F4 sites. The 
energy difference between (i) and (ii) per unit cell, 340 kJ/mol, leads to a step creation 
energy of 85 kJ/mol per pair of step sites.  
 
relative to C and to CH at the B5 site. At the four-fold B5 sites, carbon binds in an 
unusual square-planar geometry. The stability of square-planar carbon at the B5 sites 
was recently analysed (Nandula et al., 2015), and attributed to the local aromaticity of 
the square-planar “Co4C” motif. Chemical bonding in metal clusters containing square-
planar carbon is well-understood, and the hunt for clusters containing square-planar C, 
N, and Si is indeed very active. Here we demonstrate that the stability of this unusual 
square-planar carbon also plays a crucial role in the structure and activity of industrial 
catalysts. 
 
Increasing the carbon step coverage to 100% by occupying neighbouring B5 sites is 
unfavorable, with a differential Gibbs free energy of +44 kJ/mol for adsorbing a carbon 









+13 kJ/mol for a carbon coverage of 100%. Indeed, when carbon occupies neighbouring 
B5 sites, aromaticity is destroyed. The saturation carbon coverage at B5 steps is hence 
only 50% under Fischer-Tropsch conditions, and B5 sites remain free and available for 
reaction. Another structure with square-planar carbon is the p4g-clock surface carbide. 
p4g surface carbides were first characterized on Ni(100) (Kirsch and Harris, 2003), and 
have also been predicted on Co surfaces (Ciobîcǎ et al., 2008, Tan et al., 2009, Valero 
and Raybaud, 2014). The (111) surface carbide in Figure 4.2p grows from the step edge 
and slightly expands the (111) terrace, introducing strain. The reconstruction cost is 
largest for carbon next to the step (Figure 4.2o), and gradually decreases as the surface 
carbide grows. The stability eventually converges to about -24 kJ/mol for a width of 
five rows (Figure 4.2p).  
 
The high CO pressure and relatively low temperature under Fischer-Tropsch conditions 
lead to a high CO coverage. Experimental and theoretical studies have reported CO 
coverages around 50% during Fischer-Tropsch synthesis. A thermodynamic analysis of 
the adsorbate-induced island and step formation should hence consider the CO coverage 
on the terraces before reconstruction, and adsorption at the step sites that are created by 
the reconstruction, as illustrated in Figure 4.6. Figure 4.3 summarizes the calculated CO 
adsorption Gibbs free energies on terraces and near step sites. Two stable CO structures 
have been reported on Co(0001) terraces: a √3x√3 and a 2√3x2√3 structure (Figures 
4.3a and 4.3b) with adsorption Gibbs free energies of -65 and -35 kJ/mol, respectively 
(see Chapter 2). To compare the stability of these structures, the adsorption free energies 
need to be multiplied by the respective coverages (Gunasooriya et al., 2015). This 
shows that the √3x√3 structure (-65 x 1/3 kJ/mol Cosurface) is marginally more stable 




Figure 4.2 Thermodynamic stability (kJ/mol) of CHx and OHx species on terrace and 
stepped Co surfaces relative to a syngas reservoir at 500 K, 20 bar, 60% conversion. (a) 
C at hcp hollow terrace site; (b) C at sub-surface octahedral site; (c) CH at hcp hollow 
terrace site; (d) CH2 at hcp hollow terrace site; (e) CH3 at hcp hollow terrace site; (f) O 
at hcp hollow terrace site; (g) OH at hcp hollow terrace site; (h) C at B5 site, 50% 
coverage; (i) C at F4 site, 50% coverage. (j) C at B5 site, 100% coverage. Addition of 
a second carbon is highly unfavourable; (k) CH at B5 step site, 50% coverage; (l) CH 
at F4 step site, 50% coverage; (m) CH2 at B5 step edge, 50% coverage; (n) CH2 at F4 
step edge, 50% coverage; (o) p4g clock carbide at the step edge; (p) extended p4g clock 
carbide. Though the stability of the carbide depends on the width of the terrace, the 
stability per carbon rapidly converges to a value of -24 kJ/mol (value for 4th carbon 
atom, indicated by red square). The cobalt atoms are indicated by larger spheres and the 
C, H and O by small spheres. Terrace atoms are blue, B5 atoms dark grey, F4 atoms 
white, C grey, O red and H white. 
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conditions. Considering the 7/12 ML structure as the starting structure has a minor 
effect on the analysis and makes step creation more favourable. We will therefore 
consider (111) terraces covered with 1/3 ML CO as our starting structure. 
 
For low step coverages, CO adsorbs stronger at the step edges than on the (111) 
terrace, and the top site is slightly preferred over the bridge site (Figure 4.3d and 
4.3e). Experimentally, the formation of di- and tri-carbonyl species where 2 or 3 
CO molecules bind to the same Co atom have been suggested to stabilize step 
edges (Wilson and De Groot, 1995, Beitel et al., 1996, Beitel et al., 1997). We 
hence considered step coverages of 100% and higher at B5 and F4 sites. Several 
configurations were considered and the structure where CO adsorbs at bridge 
sites (Figure 4.3k and 4.3n) was the most stable structure with an adsorption free 
energy of -78 kJ/mol at the B5 sites and -72 kJ/mol at the F4 sites. These values are 
essentially identical to the low-coverage values. In this structure, the CO molecules 
adopt a zig-zag pattern to reduce through-space dipole-dipole repulsions. CO 
adsorption at the top sites was found to be less favourable with an adsorption free energy 
of -66 kJ/mol at the B5 site. CO coverages higher than 100% are not thermodynamically 
favourable at the step sites, and the Gibbs free energy to adsorb for an additional CO at 
B5 steps with a CO coverage of 100% (i.e., the structure in Figure 4.3l) is +43 kJ/mol, 
even though the electronic adsorption energy to adsorb the additional CO molecule is -
22 kJ/mol.  
 
Under Fischer-Tropsch conditions, it is favourable to occupy 50% of the B5 sites with 
square-planar carbon or with CH species. Surprisingly, the presence of square-planar 
carbon at the B5 sites increases the CO adsorption energy by 17 kJ/mol (Figure 4.3f)  
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Figure 4.3 Adsorption Gibbs free energy of CO at terraces and step sites (500 K, 4.4 
bar CO). The Gibbs free energies account for the adsorption entropy loss and are 
therefore about 60 kJ/mol lower than adsorption energies. (a) √3x√3-CO structure, the 
stable structure on Co terraces under Fischer-Tropsch conditions; (b) (2√3x2√3)-7CO 
structure, high coverage structure; (c) B5 step, 50% coverage; (d) F4 step, 50% 
coverage; (e) B5 step, 50% coverage, bridge sites; (f) B5 step with 50% C; (g) B5 step 
with 50% CH; (h) p4g carbide, low coverage; (i) p4g carbide, intermediate coverage; 
(j) p4g carbide, high coverage; (k) B5 edge, 100% CO coverage. Adsorption at top sites 
is less stable for this coverage; (l) B5 edge, 150% CO coverage. Adsorption free energy 
for the addition of CO molecules to structure 4.3k; (m) B5 step with 50% carbon, 100% 
CO coverage; (n) F4 step, 100% CO coverage; (o) next to a B5 step, 50% CO coverage 
for second row; (p) next to a C/CO-covered B5 step, 50% CO coverage for second row, 
adsorption free energy for the addition of CO molecules (circled) to structure 4.3m. The 
cobalt atoms are indicated by larger spheres and the C, H and O by small spheres. 
Terrace atoms are blue, B5 atoms dark grey, F4 atoms white, C grey, O red and H white.   
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while CH at the B5 site has a limited effect on the CO adsorption energy (Figure 4.3g). 
The stronger CO adsorption is surprising since the same cobalt step atom now binds 
both carbon and CO. Such an attractive interaction is highly unusual considering the 
bond order conservation principle (Shustorovich, 1986). This unique attractive 
interaction is not only limited to C and CO. Our calculations show that C at the B5 site 
also enhances CHx binding energies at the step edge (Figure 4.4). In the presence of a 
carbon at the B5 step site, the CH, CH2 and CH3 binding energies at the step edge 
increase by 6, 19 and 24 kJ/mol respectively. The unusual attraction of C and CO at the 
step site is caused by the oxidation of the step cobalt atoms by square-planar carbon 
(see Table 4.2). To achieve an aromatic electron count, the carbon atom withdraws 
electron density from the neighbouring cobalt atoms. The reduced electron density on 
the cobalt atoms reduces the Pauli repulsion between the partially filled Co dz2 states 
and the filled CO 5σ orbital, as shown by Natural Bond Orbital analysis in a following 
section. Also for a CO coverage of 100%, the presence of carbon strengthens CO 
adsorption by 10 kJ/mol (Figure 4.3m). The attractive interaction between carbon and 
CO increases the stability of the C/CO covered B5 step sites. Hydrogenation of the 
square-planar carbon atom becomes 16 kJ/mol unfavourable in the presence of CO. A 
similar attractive interaction is not found for the surface carbide (Figure 4.3h-4.3j). The 
thermodynamic stability of the OHx species with respect to H2O (see Chapter 3) at the 
step sites was also considered. OH adsorbs preferentially at the bridge site and is 32 
kJ/mol more stable than the O at the B5 and F4 sites (Figure 4.5a - 4.5d). However, the 
OH stability is still lower than CO at the step edge under Fischer-Tropsch conditions. 
Unlike carbon, no attractive interaction is found between the OHx and CO at the B5 
step sites. The CO adsorption energy decreases to -48 and -28 kJ/mol in the presence of 
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Figure 4.4 Thermodynamic stability of the CHx species on the stepped cobalt surface 
in the presence and absence of carbon relative to a syngas reservoir at 500 K, 20 bar, 
60% conversion. (a) C at hcp site at step edge, 50% coverage; (b) CH at hcp site at step 
edge, 50% coverage; (c) CH2 at hcp site at step edge, 50% coverage; (d) CH3 at hcp site 
at step edge, 50% coverage; (e) C at hcp site at step edge and C at B5, 50% coverage; 
(f) CH at hcp site at step edge and C at B5, 50% coverage; (g) CH2 at hcp site at step 
edge and C at B5, 50% coverage; (h) CH3 at hcp site at step edge and C at B5, 50% 
coverage. The cobalt atoms are indicated by larger spheres and the C, H and O by small 
spheres. Terrace atoms are blue, B5 atoms dark grey, C grey and H white. 
 
of OHx at the CO covered B5 sites, compared to C and CO, they are not considered for 
further analysis. 
 
4.2.3 THERMODYNAMICS OF STEP CREATION  
Combining the stabilities in Figures 4.2 and 4.3 with the step creation energy, we can 
evaluate the overall thermodynamic driving force to create pairs of C and CO-covered 
B5 and F4 step sites or the formation of a surface carbide from CO-covered terraces 
under Fischer-Tropsch conditions. The argument follows a three-step Born-Haber 
cycle. First, 1/3 ML CO desorbs from the terrace sites to create a clean surface. Note 
that 3 terrace rows are converted to a row of B5 sites and a row of F4 sites (Figure 4.1b). 
Desorption costs 65 kJ/mol, i.e., 3 rows x 1/3 ML x 65 kJ/mol. The subsequent creation 
of a pair of step sites costs 85 kJ/mol. Finally CO re-adsorbs at the new B5 and F4 step 
b c
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Figure 4.5 Thermodynamic stability (kJ/mol) of OHx species on clean and CO covered 
stepped Co surfaces relative to a syngas reservoir at 500 K, 20 bar, 60% conversion. (a) 
O at B5 site, 50% coverage; (b) O at F4 site, 50% coverage; (c) OH at B5 site, 50% 
coverage; (d) OH at F4 site, 50% coverage, (e) O at B5 site, 50% coverage, 100% CO 
coverage; (f) O at F4 site, 50% coverage, 100% CO coverage; (g) OH at B5 site, 50% 
coverage, 100% CO coverage; (h) OH at F4 site, 50% coverage, 100% CO coverage. 
The cobalt atoms are indicated by larger spheres and the C, H and O by small spheres.  
Terrace atoms are blue, B5 atoms dark grey, F4 atoms white, C grey, O red and H white. 
 
edges  with  100%  coverage  and  adsorption  free  energies  of  -78  and  -72 kJ/mol, 
respectively. In our calculations this overall process is thermoneutral. The increased CO 
adsorption energy and coverage at the step sites are hence not sufficient to drive the 
formation of steps or nano- islands and the presence of square-planar carbon at the B5 
sites is an essential factor for step and island formation. Together, the stability of square-
planar carbon and the increased CO adsorption energy enhance the driving force to form 
a pair of B5 and F4 steps to -19 kJ/mol. The creation of step edges from extended 
terraces hence becomes thermodynamically favourable under Fischer-Tropsch 
conditions, driving the break-up of cobalt terraces to form nano-islands, as observed by 
Wilson and De Groot. The crucial role played by square-planar carbon is clearly 
illustrated by the absence of island formation in the experiments of Ehrensperger and 
Wintterlin (2014). For the conditions in their study (10 mbar and a H2:CO ratio of 40) 
a cb F4 d F4
f F4 ge h F4
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square-planar carbon is thermodynamically unstable (+12 kJ/mol) and hence does not 
form. Without the formation of square-planar carbon at the B5 step sites, step and island 
formation is unfavourable. A similar Born-Haber cycle can be constructed for the 
formation of a surface carbide. Our calculations show that the formation of a CO-
covered carbide is marginally favourable for sufficiently large islands, but significantly 
less favourable than the formation of C/CO covered steps and nano- islands under 
Fischer-Tropsch conditions. Indeed, the overall driving force to create a CO-covered 
cobalt carbide is only -0.5 kJ/mol Cosurface. In the absence of gas-phase CO, the 
formation of a surface carbide is more stable than the creation of carbon-covered steps, 
resulting in a carbon-induced restructuring of Co terraces, but not the formation of Co 
nano-islands, in agreement with experimental (Weststrate et al., 2012) and recent DFT 
(Valero and Raybaud, 2014) and molecular dynamics (Zhang et al., 2015) studies. 
Indeed, without the adsorption of CO, the stability gained by carbon adsorption at the 
B5 sites is not sufficient to overcome the step creation penalty (+85 kJ/mol). Thus, the 
creation of steps and nano-islands is not thermodynamically favourable in the absence 
of CO, explaining why Co nano- island formation is not observed after ethylene 
decomposition. In summary, both CO and square-planar carbon are required to drive 
the formation of steps and nano-islands and it is crucial to consider the adsorption of 












Figure 4.6 Formation of step sites under FT conditions. CO-covered Co terraces. (a) 
break up, creating additional step sites; (b) Although the creation of step sites (Figure 
4.1) and the desorption of CO from the (terrace) sites costs energy, the adsorption of a 
high (100%) coverage of CO and square-planar carbon at the newly created step sites 
more than compensates this energy penalty under FT conditions. The cobalt atoms are 
indicated by larger spheres and the C, H and O by small spheres. Terrace atoms are 
blue, B5 atoms green, F4 atoms red, C grey, O red and H white. 
 
 
4.3 CO VIBRATIONAL ANALYSIS AND CORE LEVEL BINDING ENERGIES 
A number of surface science studies have looked at CO adsorption behaviour on both 
defective and defect-free cobalt single crystals (see Chapter 2). Using PM-RAIRS, the 
vibrational frequency of the adsorbed CO molecule on the annealed and defective cobalt 
single crystal surface was investigated at pressures and temperatures up to 300 mbar 
and 490 K respectively. A strong 2080 cm-1 peak was observed on the defective crystals 
in the presence of a pure CO feed even at room temperature, which disappeared 
completely on switching the feed to CO/H2 and raising the temperature to 490 K. The 





2080 cm-1 CO still remains unclear and hence further studies are required to substantiate 
the claim made by the authors. With this objective, the CO stretch frequencies and IR  
Table 4.1. DFT calculated electronic adsorption energies for different reaction 
intermediates at the preferred sites. The terrace and step sites were modelled on a p(3x3) 
and p(2x8) Co(111) unit cell respectively. The coverages at the terrace and step sites is 
1/9 ML and 50% respectively, unless otherwise mentioned. 
  
Species - adsorption sites Adsorption energy (kJ/mol) 
C – hcp -619 
C – subsurface -618 
CH – hcp -558 
CH2 –hcp -452 
CH3 – hcp -188 
C – B5 -676 
C – F4 -601 
CH – B5 -567 
CH – F4 -528 
CH2 – B5 -501 
CH2 –F4 -504 
p4g clock carbide -682 
O – B5 -547 
O – F4 -542 
OH – B5 -402 
OH – F4 -398 
CO – terrace (top-1/3 ML Terrace) -128 
CO – B5 -138 
CO – F4 -131 
CO – bridge at step edge -136 
CO – B5 (with 50% C at B5 site) -157 
CO – B5 (with 50% CH at B5 site) -142 
CO – B5 (100% coverage) -141 
CO – F4 (100% coverage) -136 
CO – B5 (100% coverage with 50% C at B5 site) -154 
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intensities were evaluated at different sites on the terrace and stepped Co surface shown 
in Table 4.2. 
 
It is important to note that DFT gives CO vibrational frequencies at 0 K, whereas PM-
RAIRS studies were conducted at 298 K. Thus, the DFT obtained frequencies would 
have a constant shift compared to the experimentally observed numbers. The vdW-DF 
CO stretch frequencies are somewhat lower (~40 cm-1) than experimental values ( 1805-
1815 cm-1 in vdW-DF compared to a broad 1850-1950 cm-1 peak for bridge CO in the 
2√(3)x2√(3) structure (Beitel et al., 1996)), as also seen for atop CO in the √(3)x√(3) 
structure (1986 cm-1 in vdW-DF compared to 2012-2040 cm-1 in RAIRS (Beitel et al., 
1996). However, the frequency shift are likely more accurate and a qualitative trend can 
be obtained. For example, with increasing CO pressure, PM RAIRS data indicated a 
blue shift of the CO stretch frequencies from 2000 to 2012 cm-1 as we move from a 1/3 
ML to a 7/12 ML CO coverage. A similar trend is also observed the DFT calculated 
frequencies (Table 4.2). For CO at the carbon-covered B5 sites, two frequencies 
are computed: 1843 cm-1 for CO at the carbon-free site and 1781 cm-1 for CO at 
the site with carbon. The large difference in the calculated intensity suggests that 
only the 1843 cm-1 frequency could be observed. Since this frequency differs 
significantly from the range computed for bridge CO in the 2√3x2√3 structure, 
1805-1815 cm-1, and from the low-coverage value of 1751 cm-1, it might be an 
experimental fingerprint of CO at carbon-covered B5 sites. Carbon is known to 
form sp2 hybridised p4g clock structures with an empty pz orbital on the Co(111) 
surfaces and on B5 sites (Figure 4.2h and 4.2p). The adsorption of a CO molecule 
directly on this 4 coordinated carbon atom was studied next. Interestingly, the 
adsorption of CO on the p4g clock carbon resulted in a CO vibrational signal of 2015 
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cm-1 with an electronic adsorption energy of -43 kJ/mol. This is lower than the CO 
adsorption energy of -85 kJ/mol at the cobalt site (Figure 4.3j). Assuming that the vdW- 
DF calculated frequencies are 40 cm-1 lower than the experimental reported values, this 
matched closely with the experimentally observed CO vibrational signature peak of 
2080 cm-1. One possible explanation for the disappearance of this peak on exposure to 
a CO/H2 environment is the CO hydrogenates to HCO followed by a C-O scission.  
 
To allow experimental detection of the predicted C/CO-covered step sites, Co 2p 
and C 1s binding energies were also computed for terrace and step sites (Table 
4.2).The C 1s binding energy for the C/CO-covered B5 sites, 283.0 eV, is typical 
for Co carbide species, (Tan et al., 2010, Trinh et al., 2013) and close to the value 
calculated for a p4g Co carbide, 282.7 eV. The Co 2p binding energy for the 
C/CO- covered B5 sites, 779.6 eV, falls in the range of cobalt oxides (~780 eV 
(Biesinger et al., 2011)) and differs significantly from the value for a clean (777.8 
eV) and for a CO- covered (778.3 eV) surface. To confirm that the Co 2p binding 
energy for C/CO-covered steps resembles the value for CoO, we used LDA+U 
(U=4.2 eV (Youmbi and Calvayrac, 2014)) to compute both binding energies. 
With this approach, very similar Co 2p binding energies of 779.6 eV and 779.9 
eV were indeed computed for CoO and for C/CO-covered B5 sites, respectively. 
We hence speculate that the recent observation of the development of a minor Co 
oxidation component during the induction period when the Co catalyst gains 
Fischer-Tropsch activity (Tan et al., 2010, Tsakoumis et al., 2012) is related to the 






Table 4.2. CO stretch frequencies and intensities, and final state Co 2p binding energies 




CO frequency (cm-1) /intensity 
(km/mol) 
Co 2p binding 
energy (eV) 
 
1843/1.7– Bridge 1 
1781/0.1– Bridge 2 
779.6 – Co-step 
777.8 – Co-terrace 
           1986 / 0.3 – Top 
1815 / 0.4 
1814 / 0.5 
                 1812/0.1        Bridge 
1811 / 0.8 
1809 / 0.5 
1805 / 0.1 
778.3 – Co-top 
777.8 – Co-bridge 
(indicated in yellow) 
 
1980/0.8 778.3 – Co-top 
 





4.4 ATTRACTIVE INTERACTION BETWEEN C AND CO AT STEP SITES: 
A NATURAL BOND ORBITAL ANALYSIS 
The importance of the unique stability of the square planar carbon at the B5 site under 
Fischer-Tropsch conditions has been highlighted in the previous section. The combined 
adsorption of carbon and CO at the B5 step sites drives the formation of cobalt nano-
islands under Fischer-Tropsch conditions. Experimentally, the co-adsorption of CO and 
carbon in the same system, under the same conditions, has been observed on other 
metals as well (Zdansky et al., 1994, Nieskens et al., 2006). Surface science studies on 
Ni(100) surface (Zdansky et al., 1994) revealed that in a system where CO and C co-
exist, CO adsorbs on the surface with carbon at the octahedral site of first subsurface 
layer. Subsurface carbon was found to reduce the repulsive interaction between CO and 
carbon on the surface of Rh(100) in a combined experimental and computational study 
by Niemantsverdriet and his co-workers (Nieskens et al., 2006). They found that carbon 
in the subsurface do not affect the saturation coverage of CO on a carbon saturated 
Rh(100) surface. To further understand the interactions between CO, carbon on the 
surface and carbon in the subsurface, DFT calculations of CO adsorption on a model 
Rh(100) surface was done by the authors. The adsorption energy of CO on a bare 
Rh(100) surface was calculated to be -181 kJ/mol, whereas on a surface covered with 
carbon, CO adsorption energy decreased to -54 kJ/mol. However, carbon present in the 
subsurface layer along with carbon and CO on the surface, resulted in a “clockwise 
anticlockwise” reconstruction of the Rh surface with a corresponding increase in CO 
adsorption energy to -174 kJ/mol.  
 
The experimental studies and calculations we have discussed suggest that there is some 
interesting chemistry between CO and C when they are co-adsorbed on the same 
transition metal surface. In this section, we attempt to understand the unique attractive 
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interactions between CO and C at the B5 step sites. In order to understand the effect of 
carbon at the step site on CO adsorption at the step edge, a natural bond order (NBO) 
analysis (see Chapter 3) is employed to provide the molecular orbital understanding of 
the adsorption. 
 
The electronic adsorption energy of CO at the top site of a step edge of a Co(111) 
surface at 50% step coverage (Figure 4.3c) is -138 kJ/mol. When a carbon occupies the 
B5 step site (Figure 4.3f), the CO adsorption energy increases by 19 kJ/mol to -157 
kJ/mol. The electronic adsorption energy of CO on cobalt terraces (Figure 4.3b) is -128 
kJ/mol at 1/3 ML coverage. At 100% CO step coverage, CO occupies the bridge sites 
with an average binding energy of -141 kJ/mol (Figure 4.3k). In the presence of C at 
the B5 site, the CO adsorption energy increases by 13 kJ/mol to -154 kJ/mol (Figure 
4.3m). It is important to note that the C binding energy also increases by 21 and 26 
kJ/mol in the presence of CO at the step edge for a 50% and 100% CO coverage 
respectively.  
 
Based on our calculations, C at the step site helps to stabilize the CO sharing the same 
Co atom on the surface. These results are somewhat surprising and “unusual” to us as 
they oppose some of the well-known trends for CO adsorption on Co. In homogenous 
catalysis, known trends of Co-CO bond strength suggest that electron donating groups 
strengthen the Co-CO bond. For example in hydroformylation (Adkins and Krsek, 
1949), HCo(CO)4 complex is the active catalyst during reaction. However, in order to 
stabilize the complex, high CO pressure (200-300 bar) is required. By substituting one 
of the CO with an electron donating phosphine ligand (Slaugh and Mullinea.Rd, 1968) 
the  Co  metal  centre  becomes  more  anionic  (electrons rich).    This    leads   to   the  
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Table 4.3. Bader Charges (e) on Co atoms, carbon at the B5 site, carbon and oxygen of  
CO (gas) and adsorbed CO at the B5 step edges.  
 
strengthening of the Co-CO bond and a more stable catalyst complex. The CO pressure 
required during reaction is reduced by half as a result. In our study, carbon has an 
electron withdrawing effect on its neighbouring Co atoms. This should make the Co 
atoms more cationic (electron deficient). One should expect the CO adsorption on these 
Co atoms to decrease and not increase. Also, our results again seem to disobey the Bond 
Order Conservation principle (Shustorovich, 1986). When two adsorbates share a metal 
atom, the through-surface interactions are repulsive. While this is true for CO and C co-
adsorbed on the surface, it is the opposite for the case where C is in the step site. What 
is interesting here is that, in both cases of CO and C co-adsorption, CO and C shared 
the same Co atom but when C is in the step, the interaction apparently becomes 
attractive.  
 
Next, a Bader charge analysis, developed by the group of Henkelman (2006) was 
carried out. Results of the charges on Co, carbon and CO atoms from the Bader charge 
analysis are summarized in Table 4.3. When carbon adsorbs at a B5 site, charge transfer 
takes place between Co and the adsorbed carbon such that Co becomes negatively 
charged and carbon is positively charged. In other words, carbon withdraws electrons 





CO at step edge 
without co-
adsorbed carbon 
C at B5 step 
without co-
adsorbed CO 
CO at step edge 
with co-
adsorbed carbon 
Co 0.046 -0.025 -0.155  -0.2 
C at B5 - - 0.816 0.816 
C of CO -1.110 -0.732 - -0.786 
O 1.110 0.97 - 1.03 
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(Wang et al., 2007). However, the charge on the carbon remained relatively unaffected 
in the presence or absence of an adjacent CO molecule. When CO adsorbs onto the step 
edge site of a clean Co step, carbon loses electrons and oxygen gains electrons. The 
charge on carbon becomes less negative whereas the charge on oxygen becomes less 
positive compared to their respective charges for a CO gas molecule. The charge on the 
carbon and oxygen of CO changes insignificantly in the presence or absence of a co-
adsorbed carbon at the step. Thus, a Bader charge analysis is still unable to account for 
the increase in the CO adsorption energy. Hammer and Nørskov (2000) suggested that 
the strength of adsorption is related to the strength of Pauli repulsion. This interaction 
seems to be the key to explain the increase in CO adsorption energy in our studies. A 
NBO analysis for our systems was thus carried out to provide us with a better insight to 
orbital interactions between Co and CO to explain the observed trends with the change 
in Pauli repulsion. 
 
The strength of the CO–metal bond depends on the balance between the repulsive σ and 
the attractive π interactions (Föhlisch et al., 2000) (Figure 4.7). When CO adsorbs onto 
the surface, its 5σ orbital interacts with Co dz2 orbital and splits into 5σ–dz2 bonding (σ) 
and anti-bonding (σ*) orbitals. Likewise, the 2π* orbital of CO interacts with dyz and 
dxz orbitals or Co and splits into bonding and anti-bonding. The contribution of the σ 
interaction is stronger in this case for CO adsorption on the top site of Co surface.  After 
splitting, the bonding σ contribution falls well below the Fermi level whereas the anti-
bonding σ* contribution is located partially above the Fermi level. This resulted in a 
partially filled σ* contribution and its degree of filling is directly related to the strength 
of the CO–metal bond. Only the bonding orbital fragments of the 2π* are occupied, 
thus resulting in attractive interaction. As the σ* become less filled (further above Fermi  
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Table 4.4. NBOs of CO adsorption on Co stepped surfaces with and without influence 
of C. The C and CO coverage at the B5 step and step edge sites is 50%. 
 
level), the repulsive nature of the σ interaction is reduced, thus, increasing the CO– 
metal bond strength if the attractive π interactions remains relatively unchanged. Thus, 
a lower σ* occupancy (weaker repulsive Pauli interaction) and a higher π* occupancy 
(increased back-donation) correlate with stronger metal-CO interaction.  
 
A NBO analysis provides the electronic occupancies of the metal–CO bonding and anti-
bonding molecular orbitals. On cobalt steps, NBO analysis indicates that the presence 
of step carbon lowers the anti-bonding Co-C (O) σ* orbital occupancy by 0.03 electrons 
(Table 4.4). The 2π* occupancies are relatively unaffected. The increased CO 
adsorption energy can hence be attributed to a reduced Pauli repulsion in the presence 
of step C, consistent with charge transfer to the carbon atom. Figure 4.7 illustrates the 
Co-C anti-bonding σ* and C-O 2π* NBOs. Thus, an NBO analysis acts as a new tool 
for understanding metal–adsorbate interactions in heterogeneous catalysed reactions. 
The study can be extended to other metal systems and provide the explanation for the 
experimental observations discussed earlier in Ni and Rh systems. 
 
NBO 



































    
Figure 4.7 Natural bonding orbitals for CO on Co(111) terraces. a) Co-C anti-bonding 
σ* NBO; (b) C-O 2π* NBO for CO at a top site. Blue represents cobalt atoms, grey 
carbon and red oxygen.   
 
4.5 CONCLUSIONS 
Cobalt catalysts undergo a massive surface reconstruction under Fischer-Tropsch 
conditions to form nano-islands. The driving force for the formation of step sites and 
nano-islands, and the structure and coverage of the step sites were studied using density 
functional theory. While the energy penalty to create a pair of B5 and F4 step sites and 
to desorb CO from the terrace sites that create the steps is substantial, the unusual 
stability of square-planar carbon at the B5 steps and the increased CO adsorption energy 
and high CO coverage at the step sites together make it highly favourable to create step 
sites and islands under Fischer-Tropsch conditions. When either CO adsorption or 
square-planar carbon adsorption are ignored, step and island creation is not 
thermodynamically favourable. Aromatic square-planar carbon hence plays a crucial 
role in the structure, coverage and activity of Co Fischer-Tropsch catalysts. Its stability 
and bonding pattern furthermore suggests that this unique role is not limited to cobalt 
and should also be explored, e.g., for Ni, Fe, Rh, and Pd. The Co 2p binding energy at 
the C/CO-covered step sites, 779.6 eV, is typical for oxidized Co species and could be 




islands also depends on the stability and coverage of corner sites, and is likely a strong 
function of the reaction conditions. Insight into the structure, the coverage and the 
formation of these nano-islands will constitute the basis to analyse the reaction 





SHAPE AND SIZE OF COBALT NANO-ISLANDS 
FORMED SPONTANEOUSLY ON COBALT TERRACES 
DURING FISCHER-TROPSCH SYNTHESIS 
5.1 INTRODUCTION 
As discussed earlier, the structure of heterogeneous catalysts under reaction conditions 
often differs dramatically from the ideal clean surface. In Chapter 4, we modelled the 
structure of the cobalt surface under Fischer-Tropsch conditions. Our calculations 
predicted that the cobalt surface indeed reconstructs under reaction conditions to form 
nano-islands of cobalt from cobalt terraces. The next logical question would be 
determine the shape and size of these created nano-islands. Although, formation of Co 
nano-islands has been linked to the strong adsorption of carbon species (see Chapter 2), 
none of these proposals explains the formation of nearly uniform islands of about 50 
atoms as observed by the STM studies of Wilson and de Groot. Thus, the formation of 
Co nano-islands of a precise shape and size is still not so well understood. 
 
To understand the factors that drive the formation of Co nano-islands and to determine 
the size and shape of these islands, we studied the thermodynamic stability of Co islands 
of various sizes and shapes using Density Functional Theory (DFT). However, to 
determine the thermodynamically favourable shape and size of the nano-islands, the 
cost of forming corners and the effect of strongly bound adsorbates on them should be 
considered as well. In this Chapter, we determine the cost to create steps and corners, 
and evaluate the combined effect of CO, C and CH adsorption on the stability of steps 
and corners. This information is then combined to analyse the thermodynamic stability  
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of nano-islands of various sizes as a function of the reaction conditions.  
 
5.2 RESULTS AND DISCUSSION 
This section is divided into 3 parts. We first evaluate the energy penalty to break a clean 
Co terrace into nano-islands. Next, the effect of C, CH and CO adsorption on the 
stability of step and corner sites is determined. Finally, an overall balance is used to 
determine the thermodynamically favourable shape and size of the nano-islands as a 
function of the carbon and CO chemical potentials. 
 
5.2.1 STEP AND CORNER CREATION ENERGIES 
Conceptually, islands are created by removing atoms from a step edge to create an 
island on a terrace (Figure 5.1a). In the first step of this process, the number of step and 
terrace atoms remains unchanged and the reaction energy for this step is equal to zero. 
In the second step, an island is created on a terrace from the bulk Co atoms. The 
combination of these two energies is the island creation energy. For thinner slabs, 
excellent agreement with the converged island creation energies can be obtained when 
the bulk cobalt energy is calculated from the energy difference between slabs of 
different thickness, as also illustrated in Table 5.1. For example, for a three layer slab 
with the island on the top layer, the cobalt bulk energy is calculated as the energy 
difference between a 2 and 3-layer slab. Even though the bulk cobalt energy changes 
significantly with slab thickness, the step and island creation energies obtained in this 
way differ by less than 4 kJ/mol from the converged value. The island creation energy 
was computed for islands of different sizes and shapes (Table 5.2). Three types of 
islands were considered, depending on the nature of the edge sites. B5 islands have 




Figure 5.1 Creation of Co islands on Co terraces. (a) Procedure to compute the island 
creation energy. Co atoms dissociate from a step edge (I) to create a Co6 island (III). 
Note that the number of step, terrace and bulk Co atoms remain constant from (I) to 
(II). The island creation energy is therefore the energy to remove 6 Co atoms from the 
bulk and place a Co6 island on a terrace. (b) Island creation energies for two types of 
Co15 islands and for a hexagonal Co19 island. The island creation energy depends on the 
shape and the size of the islands. (c) Types of edge sites on Co islands and creation 
energies for each type of site. The site creation energies can be used to calculate island 
creation energies for triangular islands of any size. Corner atoms are black, island 
terrace atoms light grey, B5 atoms dark grey and F4 atoms white. 
 
and hexagonal islands have both F4 and B5 edge sites. Breaking Co-Co bonds to 
remove an atom from the step edge and create an island is highly unfavourable and the 
energy penalty to create a Co15 B5 island, 608 kJ/mol, or 40.5 kJ/mol Coisland is indeed 
substantial. F4 islands are more stable than B5 islands of the same size, even though 
the number of Co-Co bonds is identical. Since the island creation energy increases 
linearly with the number of edge sites, the island creation energy can be computed from 
the number and type of edge and corner sites. Thus, using the island creation energies 

























Eqs 5.1-5.6 shown below.  
472 = 9 × B5step + 3 × B5corner                (5.1) 
421 = 9 × F4step + 3 × F4corner                (5.2) 
608 = 9 × B5step + 3 × B5corner                (5.3) 
533 = 12 × F4step + 3 × F4corner               (5.4) 
584 = 6 × B5step +  6 × F4step +6 × B5_F4corner             (5.5) 
82 = B5step + F4step                 (5.6) 
Consistent with the lower island creation energy for F4 islands, the edge site creation 
energy for a three-fold F4 site is lower than for a four-fold B5 site. Using the edge site 
creation energies in Fig. 5.1c, the energy cost to create a 3 nm B5 Co66 island is 3 x 22 
+ 30 x 45 = 1416 kJ/mol or 21.5 kJ/mol Coislands. 
 
5.2.2 C, CO, CH ADSORPTION AT STEP AND CORNER SITES 
Since carbon-containing species bind strongly to four-fold edge sites, (Tan et al., 2010, 
Gong et al., 2004a, 2005, Weststrate et al., 2013, Zhang et al., 2015) it is natural to ask 
whether the adsorption of C and CH species can stabilize those sites sufficiently to 
make edge creation thermodynamically favourable (Figure 5.2). The strong carbon 
binding energy at 4-fold B5 sites, -676 kJ/mol, leads to a stability of -18 kJ/mol relative 
to a CO, H2, H2O gas-phase reservoir under FT conditions (Figure 5.2a). This value is 
not sufficient to overcome the edge site creation penalty, of 45 kJ/mol. Carbon is 
unstable at 3-fold terrace and F4 sites under FT conditions (Figure 4.2a and 4.2i). The 
carbon coverage at the B5 sites is limited to 50% and adsorption of carbon beyond 50% 
is highly unfavourable (Figure 4.2j). Carbon also binds strongly at four-fold sites next 
to a B5 corner, but not at the four-fold sites of the B5 corner (Figure 5.2b and 5.2c). 
Interestingly,  the  addition of a second carbon atom at the vacant B5 site next to a B5 
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Table 5.1 Effect of step width and slab thickness on the step creation energy. Note that 
a B5+F4 step is created in this process.  
Schemes 














* The energy of a Co bulk atom is calculated from the energy difference between a 2 and 3 layer Co slab 
for Scheme a to d, and as the difference between a 4 and 5 layer cobalt slab for Scheme e. 
 
corner is thermodynamically favourable by -30 kJ/mol, thus suggesting an attractive 
interaction between them (Figure 5.2d). However, the adsorption of an additional 
carbon at the four-fold B5 corner site, in the presence of carbon covered B5 sites next 
to the corner, is still only marginally favourable (Figure 5.2e-f). Hydrogenating the 
square planar carbon at the B5 sites next to the corner is almost thermoneutral (Figure 
5.2g), while carbon hydrogenation at the B5 corner site is favourable by -8 kJ/mol 
respectively (Figure 5.2h). The carbon stability depends on the carbon chemical 
potential in the system (μC), and is a strong function of the temperature and the gas 









Table 5.2 a) Schematic illustrating the procedure to create a Co10 island from 10 Co 
bulk atoms. b) Island creation energy for clean cobalt islands. The number and type of 
each edge site (Figure 5.1c) are indicated. The bulk cobalt energy is calculated from the 





*energy cost to create a pair of B5+F4 step sites 
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Another important surface species during Fischer-Tropsch synthesis is CO (Figure 5.3) 
(Beitel et al., 1996, Beitel et al., 1997, Gunasooriya et al., 2015). Experimental and 
theoretical studies have reported CO coverages of around 50% during Fischer-Tropsch 
synthesis (Zhuo et al., 2013, Den Breejen et al., 2009). On cobalt terraces, two dominant 
configurations are found: a √3x√3 structure (1/3 ML) and a 2√3x2√3 structure (7/12 
ML) with adsorption free energies of -65 and -35 kJ/mol, respectively, under FT 
conditions. CO adsorbs strongly at B5 and F4 step sites. For a step coverage of 100%, 
the bridge site becomes the preferred adsorption site (see Chapter 4). CO also adsorbs 
strongly and with high coverage at corner sites. At the corners, the CO molecules 
occupy the top sites at low coverage, and the bridge sites at higher coverage (100%) to 
reduce through-space repulsions, similar to adsorption at the step sites. At the B5 corner 
site, the average Gibbs free energy of adsorption for the three CO’s at the corner 
increased from -61 kJ/mol at low coverage (Figure 5.3a) to -64 kJ/mol at higher 
coverage (Figure 5.3b). At high CO coverages, each corner atom is bound to a top CO 
and two bridge CO’s. Note that the bridge CO’s sitting at the B5 sites at the corner bind 
less strongly than those at the B5 steps, due to the strong intermolecular repulsions 
among them. This is evident on comparing the nearest CO-CO distance at the B5 
corners ~1.815 Å, with that at the B5 steps (1.915 Å). For clarity, we thus report the 
average adsorption free energies for the three COs at the corner sites. The average 
adsorption free energies of the corner CO’s at the B5 corner was about 4 kJ/mol higher 
when both the bridge CO’s were tilted (Figure 5.3c). The average CO adsorption free 
energies at the F4 corner at high coverages (Figure 5.3k and 5.3l) is 5 kJ/mol lower than 
the B5 corner, in agreement with the trends also observed at the extended step sites. 
Dicarbonyl species and step coverages beyond 100% are not stable at edge and corner 
sites at Fischer-Tropsch conditions. The presence of square-planar carbon strengthens   
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Figure 5.2 Thermodynamic stability (kJ/mol) of carbon and CH at the different sites in 
Figure 5.1c, relative to a gas phase reservoir at typical Fischer-Tropsch conditions (20 
bar, 500 K, H2:CO=2; 60% conversion). Note that the stabilities depend strongly on the 
reaction conditions (Figure 5.4b). (a) C at B5 site, 50% coverage; (b) C at B5 site next 
to B5 corner, 50% coverage; (c) C at corner at B5 corner; (d) C at both B5 sites next to 
B5 corner; (e) C at B5 corner and B5 site next to B5 corner; (f) C at both B5 sites next 
to B5 corner and at B5 corner. (g) CH at B5 site next to B5 corner; (h) CH at corner at 
B5 corner; (i) C at B5 site next to B5_F4 corner; (j) C at corner at B5_F4 corner; (k) C 
at corner at F4 corner; (l) CH at corner at F4 corner. Corners were modelled using 
triangular Co10 islands and hexagonal Co19 islands. The cobalt atoms are indicated by 
larger spheres and the C and H by small spheres. Corner atoms are black, island terrace 
atoms light grey, B5 atoms dark grey, F4 atoms white, C grey and H white. 
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Figure 5.3 Thermodynamic stability (kJ/mol) of CO at the different sites in Figure 5.1c, 
relative to a gas phase reservoir at typical Fischer-Tropsch conditions (4.4 bar CO, 500 
K). (a) B5 corner, low coverage; (b) B5 corner, 100% coverage; (c) B5 corner, 100% 
coverage, different tilting; (d) B5 corner with 50% C, 100% coverage; (e) B5 corner 
with 100% C, 100% coverage; (f) B5 corner with 50% CH, 100% coverage; (g) B5 site 
with 50% C, 100% coverage; (h) B5 site with 50% CH, 100% coverage; (i) F4 site, 
100% coverage; (j) B5_F4 corner with 50% C, 100% coverage; (k) F4 corner, 100% 
coverage; (l) F4 corner, 100% coverage, different tilting; Figures m-p refers to CO 
adsorption at the island terrace sites. The CO molecules are circled. (m) Co15 island, 
1/3 ML coverage; (n) Co15 island, 1 ML coverage; (o) Co28 island, 1/3 ML coverage; 
(p) Co28 island, 1 ML coverage. Corners were modelled using triangular Co10 islands 
and hexagonal Co19 islands. The cobalt atoms are indicated by larger spheres and the 
C, H and O by small spheres. Corner atoms are black, island terrace atoms light grey, 
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the adsorption of CO at the B5 sites by 10 kJ/mol (see Chapter 4). A similar effect is 
found at the B5 corners. In the most stable configuration, only one of the two B5 sites 
next to the corner is occupied by square-planar carbon, and three CO molecules adsorb 
at the corner (Figure 5.3d). The average CO binding energy at the B5 corner increases 
by 6 kJ/mol in the presence of the square planar carbon. A similar enhanced CO 
adsorption is not found for CH species. In the presence of CO, the hydrogenation of 
square-planar carbon at the B5 site is therefore unfavourable by 12-14 kJ/mol (Figure 
5.3f and 5.3h). 
 
The CO stretch frequencies and intensities and the C and O 1s core level binding 
energies at the corner sites were also computed (Table 5.3). The atop CO stretch 
frequencies at a B5 corner site – 1963 cm-1, is slightly lower than the terraces (1980 
cm-1 for 1/3 MLCO). The two bridge CO’s at the corner have stretch frequencies of 
1836 and 1808 cm-1, which are similar to those at the C covered step sites. The C 1s 
core level binding energy for the carbon at the B5 site at the corner site is typical of a 
surface carbide and closely matches with the carbon at the B5 site. However, the C 1s 
for the atop CO, 285 eV and bridge COs~ 284.9/284.7 eV is slightly lower than the 
experimentally reported values of ~285.7 eV for adsorbed CO (Beitel et al., 1996, 








Table 5.3 CO stretch frequencies and intensities, and final state C 1s and O 1s binding 






C 1s core-level 
binding energy 
(eV) 




1843 / 1.7 – (1) 
1781 / 0.1 – (2) 
283.0 – C at B5 




1963 / 1    –  (1) 
1836 / 1    –  (2) 
1808 / 0.5 –  (3) 
282.9 – C at B5 
285.0 – (1) 
284.9 – (2) 
284.7 – (3) 
532.3 –  (1) 
531.3 –(2 & 3) 
 
5.2.3 THERMODYNAMICS OF NANO-ISLAND CREATION 
The island creation energies in Table 5.2 and C/Co stabilities in Figure 5.2 and 5.3 can 
be combined to evaluate the thermodynamic stability of Co islands of various sizes and 
shapes as a function of the reaction conditions (Figure 5.4). We follow a procedure 
similar to the one discussed in Chapter 4. A 1/3 ML CO covered Co(111) terraces is 
considered as our starting structure for the thermodynamic analysis. The strong and 
synergistic adsorption of square-planar carbon and CO at the B5 sites drives the 
formation of triangular B5 islands under Fischer-Tropsch conditions. To illustrate the 
procedure, we compute the stability of a triangular Co45 island with C/CO-covered B5 
edge sites and a terrace CO coverage of 1/3 ML under Fischer-Tropsch conditions. To 
create an island, CO molecules need to desorb from the Co terrace sites underneath the 
island. The footprint of the Co45 island is shown by the white triangle in Figure 5.4a 
and contain 66 Co atoms. The creation of a clean Co45 island adds 1146 kJ/mol to the 






adsorption of 50% carbon and 100% CO at the B5 edge and corner sites, -2418 kJ/mol. 
Adsorption of 7 CO molecules on the central 21 terrace atoms of the Co45 island 
(corresponding to 1/3 ML coverage) contributes 7 × -65 kJ/mol = -455 kJ/mol. Taken 
together, 297 kJ/mol or 6.6 kJ/mol Coisland is gained when a Co45 island is created on a 
CO-covered terrace under Fischer-Tropsch conditions. The stability of the C/CO-
covered B5 edge sites is expected to drive the formation of even smaller islands. 
However, two factors limit the stability of smaller islands, as illustrated for Co28. At 
this size, the energy cost to create the corners becomes a substantial fraction, and this 
energy cost is not compensated by the adsorption of C/CO. A quick calculation reveals 
that it is indeed favourable to create a B5 step site (Cost of B5 step creation + CO 
desorption: 45 + 1/3 × 1.67 × 65 = 81 kJ/mol) as the strong CO and C adsorption 
stabilises the B5 sites (0.5 × (-18) + (-88) = -97 kJ/mol). However, CO adsorption at 
the B5 corners (1 × (-61) =-61 kJ/mol-from Figure 5.3a) does not gain sufficient 
stability to stabilize corner creation (Cost of one B5 corner creation + CO desorption 
from 3 Co terrace atoms: 22 + 3 × 1/3 × 65 = 87 kJ/mol). Moreover, the number of CO 
molecules on the central terrace of Co28 is only 3, and the small size of this island 
reduces the CO stability from -65 to -47 kJ/mol (Figure 5.3o). Co atoms are therefore 
less stable in Co28 islands than in Co45 islands under Fischer-Tropsch conditions. Larger 
islands are less stable because they gain less from the B5 edge stabilisation by C/CO, 
as illustrated for the Co66 island. In other words, the CO desorption penalty is high for 
very large islands and is not compensated by the gain in C/CO stability at the step and 
corner sites. The detailed calculations for the 28, 45 and 66 atom B5 islands is shown 
in Table 5.4. A similar argument can also be made for the F4 and hexagonal islands. 
Note that the F4 corner creation energy is 6 kJ/mol higher than the B5 corner and the 
adsorption of carbon at the step or corner sites of an F4 island is not favourable. The 
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strong CO adsorption at the F4 step (-72 kJ/mol) is still sufficient to overcome the 
energy penalty for step creation (37 +1/3 × 1.33 × 65 = 65 kJ/mol), but a higher corner 
creation energy and lower CO stability at the corners, makes F4 island formation 
significantly less favourable than the B5 islands. Our calculations show that creation of 
a 45 atom F4 island is only favourable by -3.9 kJ/mol Coisland under Fischer -Tropsch 
conditions. The creation of a 37 atom hexagonal island is more favourable than the F4 
island at 4.4.kJ/mol Coisland but less favourable than the B5 island. Under Fischer-
Tropsch conditions, we therefore predict that the most stable islands are triangular, 
contain 45 Co atoms and are terminated by the B5 steps. The predicted size of ~2 nm 
nicely agrees with the size observed using STM by Wilson and de Groot (1995). 
 
The stability of carbon and CO depends on the reaction conditions and can be described 
by their chemical potential. The CO chemical potential is computed using Nernst 
equations (Eq.5.9). The carbon stability at the four-fold sites depends on the carbon 
chemical potential in the system (µC), and is hence a strong function of the pressure, 
temperature, CO conversion and H2/CO ratio. The carbon chemical potential is obtained 
from the reaction (Eq. 5.8) 
CO(g) + H2(g) +*  <-->  C* + H2O(g)              (5.7) 
µC (T,P) = µCO (T,P) + µH2 (T,P) - µH2O (T,P)              (5.8) 
where the chemical potential of the gas phase species is given by 
µx = E + H –TS + RT ln(px)                (5.9) 
E is the electronic energy obtained from DFT calculations, H and S are the enthalpy 
and entropy of the gas phase species (calculated using Eq 3.10 to 3.15). Carbon 
chemical potentials are indicated for 4 conditions in Figure 5.4b. To reduce the number 
of degrees of freedom, we used a H2/CO ratio of 2 and a conversion of 60%. The carbon 
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chemical potential is then determined by the temperature and the total pressure. Table 
5.5 illustrates a sample calculation for calculating the C and CO chemical potentials at 
FT and 493 K, 10 mbar (60% conversion, H2/CO=2). To facilitate comparison, we 
referenced the chemical potentials in Figure 5.4b to the chemical potential at Fischer-
Tropsch conditions: 20 bar, 500 K, H2/CO=2 and conversion of 60%. The island 
stability calculations can be repeated for a range of carbon and CO chemical potentials 
and the stability diagram is shown in Figure 5.4b. Note that a secondary vertical axis 
for temperature is provided for reaction conditions of 20 bar, H2/CO=2 and 60% 
conversion, to illustrate the variation of the carbon chemical potential with temperature. 
Similarly, a second horizontal axis for CO pressure corresponds to the variation of CO 
chemical potential with pressure at a temperature of 500 K. The stability diagram is 
plotted by distinguishing two distinct zones, depending on the stability of the square 
planar carbon. Square planar carbon is stable only for ΔµC > -0.2 eV, and hence the 
formulae for calculating the overall ΔG (kJ/mol Coisland) for island creation is different 
in each zone. The detailed procedure for the stability calculations is given in Appendix 
A. 
 
Increasing the carbon chemical potential (and hence the stability of square-planar 
carbon) or the CO chemical potential (or CO stability), favours the formation of smaller 
islands, as expected. The 28 atom islands forms at very high CO chemical potentials. 
The large jump in the transition between Co45 and Co28 island is because of the 
significant reduction in the CO stability at the island terrace sites for the smaller sized 
islands (Figure 5.3o). Reducing the carbon and CO stability favours the formation of 
larger islands, and eventually the formation of islands becomes unfavourable. At 
sufficiently  low  carbon  chemical  potentials, the formation of square-planar carbon at   
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 Table 5.4 Estimation of overall thermodynamic feasibility for B5 island formation at Fischer-Tropsch conditions. 
$CO adsorption free energy for Co28 island terrace site; †CO adsorption free energy for Co45 and Co66 island terrace site 
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Figure 5.4 Creation of C/CO-covered Co islands (a) Thermodynamic analysis (kJ/mol) 
for the creation of Co28, Co45 and Co66 islands on CO-covered terraces, using the values 
in Figure 5.1, 5.2 and 5.3 under Fischer-Tropsch conditions. Triangular Co45 islands 
are the most stable under Fischer-Tropsch conditions. (b) Effect of the carbon chemical 
potential (μC) and the CO chemical potential (μCO) on the size of the most stable B5 
islands. The (0,0) point corresponds to standard Fischer-Tropsch conditions (20 bar, 
500 K, H2:CO=2, 60% conversion). μC is calculated for the reaction CO + H2          C + 
H2O, and depends on the total pressure, the temperature, the H2/CO ratio, and the 
conversion. The effect of temperature is indicated for a specific gas phase composition. 
Co45 B5 islands are the most stable when μC is high and square-planar carbon is highly 
stable. As the stability of square-planar carbon decreases, the most stable islands 
become larger and eventually island formation becomes unfavourable. The dotted line 
indicates the conditions where infinitely large B5 islands become more stable than CO-
covered terraces. At low μC, square-planar carbon is no longer stable, and the island 
stability depends only on the CO chemical potential. Several experimental conditions 
are indicated, for a CO conversion of 60%. 
  
Clean island creation 876 1146 1416
CO desorption from terrace 975 1430      1972
CO adsorption on island terrace -141 -455                 -780
C/CO adsorption at B5 edges -1164 -1746 -2328
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the B5 edges becomes unfavourable (Δμc ~ -0.2 eV). For sufficiently high CO chemical 
potentials, the stability and the high coverage of CO at the edge sites is sufficient to   
stabilize Co islands without the presence of square planar carbon, as was also observed 
on stepped Pt surfaces (Tao et al., 2010). Without carbon, CO-covered three-fold F4 
edge sites are more stable than CO-covered four-fold B5 sites, and the most stable 
islands are terminated by three-fold F4 edge sites. This is due to the lower island 
creation energy for the F4 islands, which makes it favourable to create F4 edge 
terminated islands. Detailed stability calculations can be found in Appendix A. The 
hexagonal islands are not the most stable under any of these conditions. As indicated, 
the carbon and CO chemical potentials depend on the reaction conditions, and several 
points are indicated for a H2/CO ratio of 2 and a conversion of 60%. Under FT 
conditions, 2 nm Co45 islands are thermodynamically the most stable. Reducing the 
pressure to 100 mbar and 10 mbar reduces the CO and C chemical potentials. Under 
these conditions, island formation is found to be unfavourable. Reducing the 
temperature increases the chemical potentials and would favour smaller islands.  
 
5.3 CONCLUSIONS 
Cobalt single crystals undergo reconstruction to form one atomic step high islands ~2 
nm in diameter under Fischer-Tropsch conditions. The stability, shape and size of 
cobalt nano-islands were studied using density functional theory for the first time. The 
calculations show that the synergistic adsorption and high stability of square planar 
carbon and CO at four-fold B5 edge sites stabilizes triangular, 2 nm Co45 islands under 
Fischer-Tropsch conditions. The size of the nano-islands is determined by the balance 
between energy gain from creating C/CO-covered edges and energy penalty to create 
C/CO-covered corners. The cost of creating corners and the reduced CO adsorption 
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energy limits the stability of even smaller islands. The stability of carbon and CO 
depends on the reaction conditions and the shape and size of the most stable islands 
indeed depends on the carbon and CO chemical potential. At sufficiently low carbon 
chemical potentials, square-planar carbon is no longer thermodynamically stable and 
triangular F4 islands stabilized by a high CO coverage at the F4 edges become the most 






CO DISSOCIATION ON COBALT CATALYSTS AT 
REALISTIC SURFACE COVERAGES 
6.1 INTRODUCTION 
In Chapters 4 and 5, we have developed a model to describe the cobalt catalyst structure 
under Fischer-Tropsch conditions. A number of adsorbates can possibly bind to the 
cobalt surface during the course of the reaction. We have identified the most stable 
species - square planar carbon and CO, which bind strongly at the B5 step sites and 
drives the reconstruction of cobalt terraces to form C and CO covered triangular islands 
under Fischer-Tropsch conditions. Note that the carbon coverage at the B5 step sites is 
limited to 50%, thus leaving intermediate vacant B5 step sites. The B5 step site is 
known to facilitate bond breaking reactions for many reactions as illustrated in Chapter 
2 and can thus act as possible active sites in the Fischer-Tropsch process. CO 
dissociation is one of the key steps in the Fischer–Tropsch process and has been 
proposed to occur at these B5 step sites (see Chapter 2). Although a large amount of 
literature exists discussing the different possible pathways for CO dissociation at the 
B5 step sites, the activity of these sites for realistic C and CO coverages has not been 
explored. Thus, a detailed understanding of the activity of these sites under realistic C 
and CO coverages is essential. In this chapter, we will focus on analysing the catalytic 
activity of the C/CO covered B5 step and corner sites, on the initial step of the FT 
process, i.e the activation of the CO molecule. 
 
The activation of the CO molecule to generate the CHx species required for chain 
growth is one of the key steps in the FT mechanism. Chain growth has been proposed 
to occur, either by the direct coupling of the CHx (carbide mechanism) or by the 
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insertion of CO to the CHx unit, followed by C-O bond scission (CO insertion 
mechanism). Note that a fast CO activation step is a prerequisite for the carbide 
mechanism (Van Santen et al., 2011), as a high surface coverage of CHx species is 
required for chain growth. CHx acts as a chain initiator in the CO insertion mechanism 
and hence a high CHx surface coverage is not essential. The formation of the CHx 
species is required in both the proposed mechanisms and hence it necessary to identify 
possible “active sites” at which CHx formation is kinetically favourable. The CHx 
species can form either by the direct dissociation of CO to carbon and oxygen, followed 
by carbon hydrogenation, or by hydrogenating the CO to a CHO/H2CO/CHOH species 
followed by CO scission (hydrogen assisted CO dissociation).   
 
A number of studies have looked at the direct and hydrogen assisted CO scission 
pathways at cobalt terraces as well as defect sites. A detailed description of the various 
CO dissociation pathways studied at the different sites is provided in Chapter 2. In 
summary, both the direct and hydrogen assisted CO scission pathways are kinetically 
hindered on the cobalt terraces with overall barriers close to 200 kJ/mol. CO 
dissociation is estimated to be easier at the defect sites, with the lowest reported barrier 
of 68 kJ/mol on the clean corrugated Co (10-10)B surface (Shetty et al., 2010). 
However, a couple of points need to be discussed before proposing any possible 
mechanistic pathways on the cobalt surfaces. First, the availability and thermodynamic 
stabilities of the possible “active” sites, discussed in literature under reaction conditions 
needs to be addressed. In other words, the formation of the proposed “active” sites 
should be thermodynamically favourable under FT conditions. This would in turn 
require a detailed understanding of the catalyst structure under FT conditions. We 
investigated the stability of cobalt nano-islands and our calculations suggest that the 
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formation of triangular islands is indeed thermodynamically favourable under FT 
conditions. The creation of these islands leads to the formation of B5 step and corner 
sites, and hence the catalytic activity of these sites need to be evaluated. Also, fcc Co 
is the thermodynamically stable phase under Fischer-Tropsch conditions for typical 
particle sizes ~100 nm (Kitakami et al., 1997, van Steen et al., 2005). Using Wulff 
construction, Liu. et al. (2013) identified the (111), (100), (311) and (110) surfaces to 
be the dominant facets on the fcc Co, with the (111) facet occupying 70% of the exposed 
facets. The CO dissociation barriers on all these facets was calculated to be above 140 
kJ/mol, with the dominant (111) facet having the highest barrier of 240 kJ/mol. The 
above results further corroborates the fact that although a number of studies have 
established kinetically fast CO scission pathways at different “active” sites, it is 
important to question the thermodynamic accessibility of such sites on the catalyst 
surface under reaction conditions.  
 
Secondly, the Co catalyst surface is not a clean surface under reaction conditions. 
Theoretical and experimental studies have predicted a high CO surface coverage of ~ 
50% on cobalt surfaces (Den Breejen et al., 2009, Zhuo et al., 2013, Gunasooriya et al., 
2015). A first principle CO phase diagram suggested a CO coverage between 0.3 to 0.5 
ML to exist at the cobalt terraces under FT conditions (Gunasooriya et al., 2015). Our 
calculations also predict C and CO coverages of 50% and 100% respectively at the 
created B5 step sites. Thus, the cobalt surface comprises of both C and CO covered 
islands and CO covered terraces under FT conditions. The presence of C and CO on the 
cobalt surface is expected to have a significant effect on the CO dissociation barriers 
and needs to be considered before proposing any mechanistic pathways on the cobalt 
surface. For example, Ojeda et al. (2010) studied CO dissociation on the CO covered 
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Co(0001) terraces and reported direct CO scission barriers which were 100 kJ/mol 
higher than the barriers on the clean surface (Inderweldi et al., 2008). The hydrogen 
assisted pathway was reported to be kinetically faster on the CO covered terraces, but 
the overall barriers still remain high at 190 kJ/mol. Recent studies (Loveless et al., 
2013) have also shown a similar increase in the CO scission barriers on Ruthenium 
surfaces at very high CO coverages (~ 1ML). Similarly, the presence of a sub-surface 
carbon next to a dissociating CO was found to increase the scission barriers by 50 
kJ/mol on corrugated Co(11-21) surfaces (Joos et al., 2014). The above results indicate 
that the presence of neighbouring surface species significantly affect the CO scission 
barriers. However, the search for CO activation pathways on actual catalyst particles 
under realistic surface coverages, has been very limited.  
 
In this chapter, we propose a CO activation pathway to CH at the B5 sites present next 
to the corners of triangular islands, which form under Fischer-Tropsch conditions. As 
shown in Chapters 4 and 5, the carbon coverage at the B5 sites is limited to 50%, i.e. 
there exists a vacant B5 step site in between two C covered B5 step sites. We show that 
these vacancies can act as possible sites for CO dissociation and CH formation. 
 
6.2 RESULTS AND DISCUSSION 
This section is divided into three parts: We start by analysing the CO dissociation 
pathways on CO covered cobalt terraces, followed by the B5 step sites and finally at 
the corner sites. A CO activation pathway is then proposed. All the barriers reported in 
the text are the Gibbs free energy change (ΔG in kJ/mol) between the transition state 




6.2.1 HYDROGEN ASSISTED CO DISSOCIATION AT CO COVERED 
TERRACES 
The CO dissociation and CH formation pathway on the CO covered Co (111) terraces 
is first examined. The high CO dissociation barriers on the cobalt terraces led to the 
development of alternate hydrogen assisted CO scission pathways. On clean Co(0001) 
terraces, Inderwildi et al. (2008) predicted CO dissociation to proceed via an hydrogen 
assisted pathway in which a sequential hydrogenation of the CO species occurs to form 
H2CO, which further dissociates to the CH2 species. In contrast, Ojeda et al. (2010) 
proposed the dissociation to proceed via an alternate CHOH intermediate on CO 
covered Co(0001) terraces. The above studies reported overall barriers of around 190 
kJ/mol to form a CHx species from chemisorbed CO. It is important to highlight here 
that the above studies were done using the GGA-PW91 functionals implemented in 
VASP. A change in the functional can significantly affect the adsorption energies of 
the species, which in turn would affect the calculated activation barriers. The revised 
PBE (revPBE) functional with the vdW-DF correlation has been successful in 
accurately describing CO adsorption behaviour on cobalt systems (See Chapter 3) and 
hence we will continue to use it in this study. The hydrogen assisted pathway for CO 
scission and CH formation on the CO covered Co(111) terraces (CO coverage - 1/3 
ML) is studied next. Our calculations show that the hydrogenation of CO to CHO is 
highly endothermic at 124 kJ/mol with a hydrogenation barrier of 170 kJ/mol. The 
hydrogenation at the O end of CO to form COH is slightly less endothermic at 105 
kJ/mol, but has a higher hydrogenation barrier of 199 kJ/mol. Subsequent 
hydrogenation of the CHO to a H2CO species is only 23 kJ/mol endothermic with a 
barrier of 83 kJ/mol (Table 6.1). Alternatively, the CHO species can also hydrogenate 
to a CHOH species, which is considerably endothermic at 60 kJ/mol with a barrier of  
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Table 6.1 DFT calculated Gibbs free energy barriers (ΔGforward & ΔGbackward) and 









                       CO* + H*       CHO* 
  
170 46 
                   CHO* + H*       H2CO* 
  
83 60 
                    CHO* + H*       HCOH* 
  
106 46 





Table 6.2 DFT calculated Gibbs free energy barriers (ΔGforward & ΔGbackward) and 
geometries for the C-O scission reactions on CO covered Co(111) terraces. 
 





                             CHO*       CH* + O* 
  
69 176 
                            H2CO*       CH2* + O* 
  
72 93 
                          CHOH*       CH* + OH* 
  
38 118 






Figure 6.1 DFT calculated Gibbs free energy profile for the CO to CH pathway on CO 
covered terraces. The preferred pathway is shown by dotted line. The CO coverage is 
1/3 ML. The overall barrier is 193 kJ/mol. 
 
106 kJ/mol (Table 6.1). Further dissociation of CHO into CH and O, H2CO to CH2 and 
O and CHOH to CH and OH proceeds with barriers of 69, 72 and 38 kJ/mol respectively 
(Table 6.2). Thus, our calculations show that CO activation, either via a CHOH or an 
H2CO pathway to form the CH or CH2 species has overall barriers of around 220 
kJ/mol. In comparison, CO hydrogenation to CHO followed by CO scission to form the 
CH species, has an overall barrier of 193 kJ/mol (Figure 6.1) and is likely to be the 
preferred CO activation route on the terraces. The obtained barrier is however still too 





   
Figure 6.2 Illustration of the nature and coverage of the different active sites available 
for CO activation under Fischer-Tropsch conditions.  (a) B5 step; (b) B5 site at corner; 
(c) C and CO covered Co45 island. The 45 atom island is the most stable island size 
with a carbon coverage of 50% and CO coverage of 100% at the B5 step and B5 site at 
corner under Fischer-Tropsch conditions.  
 
6.2.2 CO DISSOCIATION AT B5 STEPS 
Under Fischer-Tropsch conditions, the cobalt catalyst surface restructures to create 45 
atom triangular nano-islands covered with C and CO. Two type of B5 sites are created 
in this process - the B5 step site (Figure 6.2a) and the B5 site at the B5 corner (Figure 
6.2b) site which can act as possible “active” sites for CO dissociation. Note that the 
activity of the B5 site at corner is different from the B5 step site (Figure 5.2a and 5.2b). 
Carbon adsorption at the B5 corner sites (Figure 5.2c) is not thermodynamically 
favourable and unlikely to provide a low barrier CO scission pathway, and hence not 
considered in this analysis. The thermodynamic stable state of the created islands under 
reaction conditions is shown in Figure 6.2c (see Chapter 5). The carbon and CO 
coverages at the B5 steps and step edge sites is limited to 50% and 100% respectively. 
At the corner, only one of the B5 sites at the corner is occupied with carbon (50% C 
coverage), while 3 CO molecules – one atop and two bridge, occupy the step edge. The 
islands are saturated with C and CO and higher C or CO coverages is no longer 
thermodynamically favourable. Hence, we will consider Figure 6.2c as our starting 




the B5 sites at the corner.  
 
van Helden et al. (2012) proposed two pathways for CO dissociation on the clean B5 
step site. In one transition state (Path A), carbon occupies a 3-fold site at the lower 
terrace with oxygen at the step edge (Table 6.3), while the other transition state (Path 
B) has carbon occupying a 4-fold B5 site with oxygen at a bridge site on the lower 
terrace (Table 6.3). The activation barrier for CO dissociation was calculated to be 128 
and 150 kJ/mol for the former and latter pathways, in reasonable agreement with the 
results of van Helden et al. (PBE functional was used in their calculations). Next, CO 
dissociation on the C and CO covered B5 step sites is considered. A carbon coverage 
of 50% at the B5 steps leaves intermediate vacancies on which a CO molecule can 
dissociate. Note that a low barrier CO scission pathway would require the CO to be 
weakly adsorbed and the C of the dissociating CO to be strongly adsorbed at the active 
site. The direct dissociation of one of the bridge CO’s at the step edge via Path A and 
B is considered. The presence of the CO’s at the step edge destabilizes the oxygen at 
the transition state at the step edge, making CO dissociation along Path A kinetically 
difficult with very high activation barriers. The bridge CO dissociates to C and O along 
Path B with a high free energy barrier of 245 kJ/mol and a significantly endothermic 
reaction energy of 134 kJ/mol. At the transition state, carbon is situated at the B5 site 
and O at the lower terrace (Table 6.3) with a C-O bond length of 1.88 Å. The large 
increase in the CO dissociation barriers on the C and CO crowded B5 steps, relative to 
the clean B5 steps is not surprising. As shown in Chapter 4, the addition of a carbon 
atom at a vacant B5 site in between two carbon occupied B5 sites is thermodynamically 
unfavourable with a differential free energy of +44 kJ/mol (Figure 4.2j). Hence, the 
carbon at the transition state binds weakly at the B5 site, leading to the high CO scission  
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Table 6.3 DFT calculated Gibbs free energy barriers (ΔGforward & ΔGbackward) and 
geometries for the direct CO scission reaction on clean B5 steps, C/CO covered B5 step 























barriers. Hydrogenating the CO before scission has been reported to reduce CO 
dissociation barriers. Our calculations show that hydrogenating the bridge CO at the 
step edge, to a CHO or COH species is highly endothermic with reaction free energies 
of 143 and 142 kJ/mol respectively and corresponding barriers of 205 and 250 kJ/mol 
(Table 6.4). The CHO or COH further dissociates to a C or CH, with barriers of 64 and 
121 kJ/mol (Table 6.5). The overall barriers to form  CH from  CO  via  the  hydrogen 
assisted pathway is still higher than 200 kJ/mol making it an unlikely route at the 
crowded B5 steps. Thus, the presence of C and CO increases the CO dissociation barrier 
considerably at the B5 steps, making CO dissociation at B5 steps kinetically difficult.  
 
6.2.3 CO DISSOCIATION AT B5 CORNERS 
Next, CO scission at the B5 sites at the corners of the triangular islands is considered. 
Only one of the B5 sites at the corner is occupied by carbon leaving a vacancy at which 
a CO molecule can dissociate. The direct dissociation of the bridge CO occupying the 
step edge at the B5 corner to C and O has a barrier of 160 kJ/mol and a reaction free 
energy of 51 kJ/mol. The C-O bond distance at the transition state (Table 6.3) of 1.81 
Å is consistent with earlier CO scission studies (Zhuo et al. 2009). Such a large 
reduction in the CO dissociation barriers at the B5 site at the corner, relative to the B5 
step site is expected. The differential free energy for C adsorption at the vacant B5 site 
at the corner is favourable, by -30 kJ/mol (Figure 5.2d) relative to +44 kJ/mol at the 
vacancies at the B5 steps. Thus, the carbon of the dissociating CO at the B5 site at the 
corner binds stronger than their counterpart at the B5 step site, thus lowering the CO 
scission barriers. Also, the dissociating bridge CO binds 39 kJ/mol weaker at the step 
edges at the corners relative to the B5 steps, due to the strong repulsive interactions 
from the neighbouring CO’s. The lower binding energy of the bridge CO, makes it  
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Table 6.4 DFT calculated Gibbs free energy barriers (ΔGforward & ΔGbackward) and 
geometries for the CO hydrogenation reactions on C/CO covered B5 step and B5 site 
at corner.  
 
  





                         CO* +H*        CHO* 
  
205 62 
                        CO* + H*      COH* 
  
250 108 
                        CO* + H*       CHO* 
  
159 48 





Table 6.5 DFT calculated Gibbs free energy barriers (ΔGforward & ΔGbackward) and 










                              CHO*       CH* + O* 
  
64 118 
                              COH*       C* + OH* 
  
121 128 
                             CHO*       CH* + O* 
  
91 56 





easier to break the C-O bond, thus lowering the dissociation barriers. Hydrogenation of 
the bridge CO at the B5 corner to CHO or a COH  is again highly endothermic at 111 
and 83 kJ/mol respectively (Table 6.4), with further C-O scission barriers of 91 and 117 
kJ/mol (Table 6.5) to form CH or C, making the hydrogen assisted pathway much less 
competitive compared to the direct CO dissociation. The B5 site at the corner thus 
provides a kinetically plausible pathway for CO scission under FT conditions. 
 
6.2.4 PROPOSED CO DISSOCIATION PATHWAY 
We now propose a CO to CH cycle on the cobalt catalysts as shown in the schematic in 
Figure 6.3. Under Fischer-Tropsch conditions, the cobalt catalyst surface comprises of 
CO covered (111) terraces and C and CO covered triangular islands. CO adsorbs in a 
stable (√3x√3) configuration on the cobalt terraces corresponding to a CO surface 
coverage of 1/3 ML (Gunasooriya et al., 2015).  The carbon and CO coverage at the B5 
B5 site at corners is limited to 50% and 100% respectively. We will therefore consider 
the above configurations as our starting structure (Figure 6.3a and 6.3b). The bridge 
CO at the step edge at the corner dissociates to form C and O (Figure 6.3d). The oxygen 
is removed by hydrogenation to form water with low hydrogenation barriers (Gong et 
al., 2004b). CO adsorbs on the vacancy left over by the dissociating CO (Figure 6.3e). 
The barrier to hydrogenate the carbon at the B5 step, to CH is then calculated. The 
hydrogenation is considerably endothermic with a reaction free energy of 74 kJ/mol 
and a barrier of 86 kJ/mol. A C-H bond length of 1.6 Å is observed at the transition 
state (Figure 6.3f). The hydrogenation barrier is significantly lower than the CO 
dissociation barrier. The CH thus formed at the B5 step is highly unstable (Figure 6.3g). 
Our calculations show that CH binds 71 kJ/mol weaker at the CO covered B5 step at 




Figure 6.3 Schematic representing the CO to CH cycle on cobalt surfaces. (a & b) Under FT conditions (a gas phase reservoir of CO and H2), the 
cobalt catalyst consists of CO covered terraces (1/3 ML CO coverage) and triangular islands (50% C, 100% CO coverage at B5 steps and B5 site 
at corner); (c-e) The bridge CO at the corner (indicated by circle in b) dissociates to C at the vacant B5 site at corner. CO adsorbs at the vacancy 
left over by the dissociating bridge CO; (f-h) The C further hydrogenates to CH and diffuses onto a more stable three fold terrace site, thus 
























Figure 6.4 DFT calculated Gibbs free energy profile for the CO to CH pathway at the B5 site at the corner of triangular islands. The bridge CO at 
the corner dissociates at the vacant B5 site with a barrier of 160 kJ/mol to form C and O. The O gets removed as water and the C further 
hydrogenates to CH, which moves to the terrace to regenerate the vacancy at the B5 site at corner.
-H2O(g)
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Table 6.6 DFT calculated Gibbs free energy barriers (ΔGforward & ΔGbackward) and 
reaction free energies (ΔGrxn) for the CO hydrogenation and C-O scission reactions at 








(A) CO scission at clean B5 steps    
(A1) CO*        C* +O* (Path A) 128 132 -4 
(A2) CO*        C*+O*  (Path B) 150 94 56 
    
(B) CO scission at C/CO covered B5 steps    
(B1) CO*(step edge)         C*+O* 245 111 134 
(B2) CHO*         CH*+O* 64 118 -54 
(B3) COH*         C* +OH* 121 128 -7 
    
(C) CO scission at C/CO covered B5 site at 
corner    
(C1) CO*(step edge)        C*+O* 160 109 51 
(C2) CHO*         CH*+O* 91 56 35 
(C3) COH*         C* +OH* 117 101 16 
    
(D) CO scission at CO covered Co(111) 
terraces    
(D1) CHO*        CH*+O* 69 119 -50 
(D2) COH*        C* + OH* 160 115 45 
(D3) H2CO*         CH2*+O* 72 90 -18 
(D4) CHOH*        CH*+OH* 38 118 -80 
    
(E) Hydrogenation at C/CO covered B5 
steps    
(E1) CO*(at step edge) + H*         CHO* 205 62 143 
(E2) CO*(at step edge) + H*         COH* 250 108 142 
    
(F) Hydrogenation at C/CO covered B5 site 
at corner    
(F1) CO*(at step edge) + H*         CHO* 159 48 111 
(F2) CO*(at step edge) + H*         COH* 199 116 83 
    
(G) Hydrogenation at CO covered Co(111) 
terraces    
(G1) CO* + H*         CHO* 170 46 124 
(G2)  CO* + H*         COH* 199 94 105 
(G2) CHO* + H*        H2CO* 83 60 23 
(G3) CHO* + H*        CHOH* 106 46 60 
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CH diffuses to a three-fold site of the terraces. The vacancy at the B5 site at the corner 
is regenerated in this process. The CH at the terrace moves over for chain growth and 
we return to our starting structure (Figure 6.3a). The energy profile for the CO to CH 
cycle is presented in Figure 6.4. The overall barrier for CO activation to CH at realistic 
surface coverages under Fischer Tropsch conditions is estimated to be around 160 
kJ/mol. The barriers and reaction energies calculated for the CO scission and 
hydrogenation reactions at the B5 steps, B5 site at corner and (111) terraces is tabulated 
in Table 6.6. Thus, the B5 site at the corner provides a low CO activation pathway on 
the cobalt surfaces.  
 
Next, the CO turnover frequency (TOF) is calculated for the different pathways 
considered in this study. The CO TOF for the direct (6.1) and hydrogen assisted CO 














) 𝛳𝐶𝑂𝛳𝐻             (6.2) 
where k is the Boltzmann constant, h is the Planck constant, 𝛥G is the overall Gibbs 
free energy barrier for CO dissociation and 𝛳CO and 𝛳H are the coverages of CO and H 
respectively. A CO surface coverage of 1/3 ML and 100% was assumed for the cobalt 
terraces and B5 site at the corner respectively, with the H coverage of 0.3 ML (Zhuo et 
al., 2013). A CO TOF of 0.0002s
-1 is obtained for the direct CO dissociation at the B5 
site at corner, which is 105 times faster than the hydrogen assisted CO dissociation 
pathway at the terraces. Although the calculated TOF is still 100 times lower than the 
experimentally observed TOF of 0.02 s-1, the effect of realistic surface coverages and 
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realistic catalyst surfaces at Fischer-Tropsch conditions has been considered for the first 
time in estimating the CO activation barriers.  
 
6.3 CONCLUSIONS 
CO dissociation and CH formation is one of the key steps in the Fischer-Tropsch 
process. Under Fischer-Tropsch conditions, the cobalt surface reconstructs to create 
carbon and CO covered B5 sites. Although a number of studies have focused on CO 
dissociation at the B5 sites, the effect of CO or carbon coverage on the scission barriers 
have been largely neglected. Using density functional theory, the effect of both C and 
CO surface coverage on CO dissociation and CH formation at the B5 sites is proposed 
for the first time. The carbon and CO coverage is limited to 50% and 100% at the B5 
step and step edge sites respectively, leaving intermediate vacancies which can act as 
possible active sites for CO dissociation. A low barrier direct CO dissociation pathway 
to activate CO to CH is proposed on the B5 site at the corner with an overall barrier of 
160 kJ/mol, corresponding to a CO TOF of 0.0002 s-1. Future studies should focus on 
identifying thermodynamically stable active sites on the catalyst surface and 
incorporate the effect of realistic surface coverages to propose reaction pathways which 





CONCLUSIONS AND FUTURE WORK 
In heterogeneous catalysis, the surface of a catalyst changes dramatically under reaction 
conditions. Such structural modifications can significantly impact the progress of a 
catalytic reaction, making it essential to develop a detailed understanding of this 
transformation. In this thesis, a molecular level understanding of the experimentally 
observed reconstruction of the cobalt terraces to form nano-islands and steps, and the 
surface coverages at these sites under Fischer-Tropsch conditions, is established using 
Density Functional Theory. The catalyst surface was modelled under reaction 
conditions and the main results summarized below:  
 
The thermodynamic driving force for the spontaneous formation of step sites and nano-
islands of cobalt from cobalt terraces in a syngas environment and typical Fischer 
Tropsch conditions was evaluated. Under Fischer-Tropsch conditions, CO adsorbs 
strongly on the cobalt terraces and stabilises the unreconstructed surface. This affects 
the thermodynamics of creation of step sites. It is therefore necessary to consider CO 
coverages before and after step and island formation, as we do in our analysis for the 
first time. The energy cost to create a pair of B5 and F4 step sites from clean cobalt 
terraces was evaluated to be 85 kJ/mol. The energy penalty to desorb CO from the 
terrace sites which create the step sites, costs an additional 65 kJ/mol. CO adsorbs 
strongly at the step edges of the created B5 and F4 steps at a coverage of 100%, with 
thermodynamic stabilities of -78 and -72 kJ/mol respectively. Higher CO coverages 
was found to be thermodynamically unfavourable. Besides CO, carbon also adsorbs 
strongly at the B5 sites in a unique square planar configuration. Carbon was found to 
be unstable at the F4 step sites, whereas the carbon coverage is limited to 50% at the 
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B5 steps. Interestingly, the presence of carbon at the B5 site was found to enhance the 
CO stabilities at the step edge. This unique attraction between the carbon and the CO 
at the B5 step was further explained by a Natural Bond Order analysis. The carbon 
withdraws electrons from the neighbouring cobalt atoms, thereby oxidizing it. This 
results in a reduced Pauli repulsion between the partially filled Co dz2 orbital and the 
5σ CO orbital, thus enhancing CO binding at the step edge. In summary, our 
calculations show that the combined synergistic adsorption of both carbon and CO 
together at the step sites drives the formation of cobalt islands from CO covered cobalt 
terraces under Fischer-Tropsch conditions. Thus, under reaction conditions, the cobalt 
surface consists of C/CO covered islands and CO covered terraces.  
 
Next, the effect of reaction conditions on the shape and size of the islands was studied. 
Triangular islands terminated by the B5 (B5 island) or F4 (F4 island) edge and 
hexagonal islands (containing both edges) were considered in this analysis. The energy 
cost for the creation of the B5/F4 step and B5/F4 corner was calculated to evaluate the 
cost of creation of islands of any given size. Our calculations suggest that the F4 site is 
easier to create than the B5 site. The thermodynamic stability of the Co islands of 
different sizes was then evaluated. The 45 atom B5 island was found to be the most 
stable island under Fischer-Tropsch conditions. However, the shape and size of the 
island is a strong function of reaction conditions or the C and CO stabilities. Increasing 
the square planar carbon or CO stability favours the formation of smaller sized islands. 
At very low carbon stabilities, the square planar carbon is no longer stable and island 
formation becomes unfavourable. In the absence of carbon, the F4 islands was found to 




Subsequently, DFT calculations were performed to study the CO dissociation pathways 
at the C and CO covered step and corner sites. Our calculations show that the B5 site at 
the corner of the islands dissociates the CO molecule with a free energy barrier of 160 
kJ/mol. The calculated CO Turn over frequency (TOF) of 10-4 s-1 is about 105 times 
faster than the hydrogen assisted CO activation on cobalt terraces. The calculated TOF 
is still significantly lower than experimentally observed values of 0.02 s-1. However, 
this is a first attempt to investigate CO activation on realistic sites, which are created 
spontaneously on the Co terraces under Fischer-Tropsch conditions, and under realistic 
coverages. 
 
This thesis has been successful in developing a model for the cobalt catalyst surface 
under Fischer-Tropsch conditions. Future work should focus on studying the activity of 
these C and CO covered step and corner sites for the chain propagation and termination 
reactions in the FT reaction mechanism. Some of the proposed ideas are summarized 
below: 
 
1. Alternate pathways for CO dissociation at the terraces or the steps – role of 
H2O 
Our calculations show that both the direct and H-assisted CO dissociation pathways at 
the step and terrace sites lead to very high CO scission barriers, and alternate pathways 
or sites needs to be looked at. Besides direct hydrogenation, alternative pathways like 
the proton shuttling (Grotthuss Mechanism) mechanism exist (Grotthuss, 1806), 
wherein the TS consists of a surface hydrogen forming a bond with the oxygen of the 
water molecule, and the hydrogen of the water molecule bonding to the CO group. This 
mechanism was found to provide low energy pathways for ethanol dehydrogenation on 
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rhodium surfaces (Michel et al., 2011) and CO2 hydrogenation to methanol on copper 
surfaces (Zhao et al., 2011). The presence of water on the surface was found to affect 
the kinetics of the hydrogenation step. Recently, a water mediated CO hydrogenation 
pathway was reported to significantly reduce the CO hydrogenation barriers to form the 
HCOH species on CO covered Ruthenium surfaces (Hibbitts et al., 2013). Beside water, 
the OH species can also act as a possible source of hydrogen for the hydrogenation of 
the CO group.  
 
2. Chain propagation and CH4 selectivity at steps and corners 
Chain propagation via the CO insertion mechanism (CHx-CO coupling) on CO covered 
cobalt terraces has an overall barrier of ~130 kJ/mol (Zhuo et al., 2013). A similar 
analysis need to be conducted at the C and CO covered B5 sites. Also, lowering the 
selectivity towards CH4 formation remains one of the major challenges in the Fischer-
Tropsch process. CH4 formation is reported to be kinetically faster at step sites 
compared to the terraces (Cheng et al., 2008a) on clean cobalt surfaces. However, the 
effect of CO coverage, and carbon covered steps on the hydrogenation barriers need to 
be evaluated. Some of the relevant questions that need to be answered include: 
 Are the kinetic barriers for CHx-CO coupling lower at the steps and corners? 
 Is CHx hydrogenation at the steps kinetically faster than CHx-CO coupling?  
 
3. CO – Spectator or active species? 
Surface science studies of CO on cobalt single crystals had revealed a CO stretch 
frequency of 2080 cm-1 on exposure to 100 mbar CO pressure and 490 K (Beitel et al., 
1997). The authors attributed it to CO adsorption on special defect sites, while our 
calculations suggested it to be a CO bonded to a square planar carbon. This peak 
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disappears when the feed is changed to CO/H2, raising questions on whether this CO 
acts as the active species, or is merely a “spectator” species which does not take part in 
the reaction. It is possible that on exposure to H2, this CO hydrogenates to HCO 
followed by C-O scission, resulting in the disappearance of the CO signal. Thus, 
activation barriers for the dissociation of this CO either directly or via a H-assisted 
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A1. Formulae for calculating the island stability 
a) B5 islands 
For ΔµC > -0.2 eV, square planar carbon formation is favourable at the B5 step sites and the ΔG for B5 island creation (kJ/mol Coisland) at a given 





 × (−65−ΔµCO) + 3 × (−47−ΔµCO) + 6 × (−18−ΔµC) + 12 × (−88−ΔµCO) + 3 × (−14−ΔµC) + 9 × (−70−ΔµCO)
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 × (−65−ΔµCO) + 9 × (−18−ΔµC) + 18 × (−88−ΔµCO)+ 3 × (−14−ΔµC) + 9 × (−70−ΔµCO)
45





  × (−65−ΔµCO) + 12 × (−18−ΔµC) + 24 × (−88−ΔµCO) + 3 × (−14−ΔµC) + 9 × (−70−ΔµCO)
66
                 (iii) 
 ΔGinfinite B5 = 45 −
1
3
× 1.67 × (−65 − ΔµCO) + 0.5 × (−18 − ΔµC) + (−88 − ΔµCO)                     (iv) 
For ΔµC < -0.2 eV, square planar carbon formation is no longer favourable at the B5 step sites and the the ΔG for island creation (kJ/mol Coisland) 
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ΔGinfinite B5 = 45 −
1
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b) F4 islands 
Carbon is unstable at the F4 sites and hence the F4 island creation energies for all 












×(−65−ΔµCO)+18 × (−72−ΔµCO)+9× (−63−ΔµCO)
45
              (ix) 
ΔGinfinite F4 = 37 −
1
3
× 1.33 × (−65 − ΔµCO) + (−72 − ΔµCO)                    (x) 
A2. Procedure to calculate the C (ΔµC) and CO (ΔµCO) chemical 
potential for a range of conditions 
Table A1. Determination of the carbon (ΔµC) and CO (ΔµCO) chemical potential for 
Figure 5.4b at four conditions. (H2/CO=2; 60% conversion).  
 ΔµCO ΔµC 
FT (500 K, 20 bar) 0 0 
10 mbar, 493 K -0.3 -0.31 
100 mbar 490 K -0.21 -0.21 
100 mbar 300 K 0.27 0.14 
 
A3.Thermodynamic stability of various islands for a range of (ΔµC, 
ΔµCO) conditions. 
To illustrate the construction of the stability diagram in Figure 5.4b, we compute the 
overall ΔG for Co28-B5, Co45-B5, Co45-F4, Co28-F4 for 4 (ΔµCO, ΔµC) conditions using 
the formulae in A1: FT (0, 0), high potentials (0.25, 0.5); low (-0.25, -0.25); and low C, 
high CO (0.5, -0.5). 
 
(ΔµCO = 0,  µC =0) 
 Co28-B5 Co28-F4 Co45-B5 Co45-F4 
Clean island creation 876 750 1146 972 
CO desorption from terrace  975 780 1430 -1170 
CO adsorption on island terrace  -141 -141 -455 -455 
C/CO adsorption at B5/F4 edges  -1164 -864 -1746 -1296 
C/CO adsorption at B5/F4 corners  -672 -567 -672 -567 




(ΔµCO = 0.25,  ΔµC = 0.5) 
 Co28-B5 Co28-F4 Co45-B5 Co45-F4 
Clean island creation 876 750 1146 972 
CO desorption from terrace  1337 1069 1961 1604 
CO adsorption on island terrace  -213.4 -213.4 -623.8 -623.8 
C/CO adsorption at B5/F4 edges  -1743 -1153 -2614 -1730 
C/CO adsorption at B5/F4 corners  -1034 -784.1 -1034 -784.1 
Overall ΔG (kJ/mol Coisland) -27.7 -11.8 -25.9 -12.4 
 
(ΔµCO = -0.25,  µC =-0.25) 
 Co28-B5 Co28-F4 Co45-B5 Co45-F4 
Clean island creation 876 750 1146 972 
CO desorption from terrace  613.2 490.6 899.4 735.8 
CO adsorption on island terrace  -68.6 -68.6 -286.2 -286.2 
C/CO adsorption at B5/F4 edges  -646.6 -574.6 -969.8 -861.8 
C/CO adsorption at B5/F4 corners -394.9 -349.9 -394.9 -349.9 
Overall ΔG (kJ/mol Coisland) 13.5 8.8 8.7 4.6 
 
(ΔµCO = 0.5,  µC =-0.5) 
 Co28-B5 Co28-F4 Co45-B5 Co45-F4 
Clean island creation 876 750 1146 972 
CO desorption from terrace  1699 1359 2491 2038 
CO adsorption on island terrace  -285.7 -285.7 -792.7 -792.7 
C/CO adsorption at B5/F4 edges  -1515 -1443 -2272 -2164 
C/CO adsorption at B5/F4 corners  -1046 -1001 -1046 -1001 
Overall ΔG (kJ/mol Coisland) -9.7 -22.1 -10.5 -21 
 
 
 
 
